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FOREWORD 

T h e  T h e r m a l  P r o j e c t  w a s  a s t u d y  d e s i g n e d  to e s t a b l i s h  t h e  c o r r e l a t i o n  
b e t w e e n  t h e r m a l  p a r a m e t e r s  m e a s u r e d  b y  p h y s i c a l  s e n s o r s  a n d  the  d a m a g e  
to an ima l  t i s s u e  w h e n  b o t h  p h y s i c a l  s e n s o r s  a n d  an ima l  t i s s u e  a r e  e x p o s e d  
to i d e n t i c a l  t h e r m a l  l o a d s .  An a t t empt  w a s  to b e  m a d e  to e x t r a p o l a t e  t he  
an ima l  s k i n  d a t a  to h u m a n  s k i n .  In a d d i t i o n ,  the  e f fec t  bf  p l a c i n g  t h e r m a l  
p r o t e c t i v e  f a b r i c s  b e t w e e n  the  p h y s i c a l  s e n s o r s ,  o r  an imal  t i s s u e ,  a n d  t h e  
t h e r m a l  s o u r c e  w a s  to b e  s t u d i e d  to d e t e r m i n e  if a m a t h e m a t i c a l  r e l a t i o n s h i p  
c o u l d  be  d e r i v e d  w h i c h  w o u l d  al low p h y s i c a l  s e n s o r  o u t p u t  to be  i n t e r p r e t e d  
in  t e r m s  of t he  s e v e r i t y  of t i s s u e  b u r n  t h a t  w o u l d  h a v e  o c c u r r e d  h a d  an ima l  
o r  h u m a n  t i s s u e  b e e n  u s e d  i n s t e a d  of a p h y s i c a l  s e n s o r .  

Because of the size and scope of this project it was decided to present 
the final report as a series of volumes, each presenting a different project 
phase. 

T h i s  v o l u m e  c o n t a i n s  a d e f i n i t i o n  of t he  p r o b l e m ,  a d e t a i l e d  d i s c u s s i o n  
of t h e  e q u i p m e n t  a n d  m e t h o d o l o g i e s  u s e d  to s t u d y  t h e  p r o b l e m ,  and  a g e n e r a l  
d i s c u s s i o n  of e x p e r i m e n t s  p e r f o r m e d .  An a n n o t a t e d  b i b l i o g r a p h y  of r e p o r t s  
a n d  p a p e r s  d e r i v a t i v e  f rom t h e  T h e r m a l  P r o j e c t  is  i n c l u d e d  as A p p e n d i x  D 
of t h i s  r e p o r t  to a s s i s t  the  r e a d e r  in  p u r s u i n g  t op i c s  i n t r o d u c e d  h e r e i n .  

In a project of this scope, no one person or small group of people could 

have accomplished the task in the time allotted (two years). It is, therefore, 
appropriate and an honor to acknowledge the diligent efforts of all my 

colleagues. Those who participated in these studies are listed in the 
Preface as a way of acknowledging their contribution. Their efforts under 
sometimes trying conditions are deeply appreciated. For those members of 

the team who had a part in writing this report, I give a special vote of thanks 
and take pleasure in listing them as coauthors. The overall report organiza- 
tion and content is mine, and it, therefore, falls upon me to accept the crit- 
icism for all errors of omission and commission. 

March 1979 

~. _,.../~I 5" ~ , '"  " 

FRANCIS S. KNOX III, Ph.D. 

Associate Professor, LSU School of 
Medicine in Shreveport, LA 71130, 
and Consultant to USAARL, Fort 
Rucker, AL 36362 



PREFACE 

T h e  v i v a r i u m  of  t h e  U n i t e d  S t a t e s  A r m y  A e r o m e d i c a l  R e s e a r c h  L a b o r a -  
t o r y  (USAARL) is  f u l l y  a c c r e d i t e d  b y  t h e  A m e r i c a n  A s s o c i a t i o n  fo r  A c c r e d i -  
t a t i o n  of  L a b o r a t o r y  A n i m a l  C a r e .  T h e  a n i m a l s  u s e d  in  t h i s  s t u d y  w e r e  
p r o c u r e d ,  m a i n t a i n e d ,  a n d  u s e d  in  a c c o r d a n c e  w i t h  t h e  A n i m a l  Wel fa re  Act  
of  1970 a n d  AR 70-18 .  In c o n d u c t i n g  t h e  r e s e a r c h  d e s c r i b e d  in  t h i s  r e p o r t ,  
t h e  i n v e s t i g a t o r s  a d h e r e d  to t h e  " G u i d e  fo r  L a b o r a t o r y  A n i m a l  F a c i l i t i e s  
a n d  C a r e , "  as  p r o m u l g a t e d  b y  t h e  C o m m i t t e e  on  t h e  G u i d e  fo r  L a b o r a t o r y  
A n i m a l  R e s o u r c e s ,  Na t iona l  A c a d e m y  of S c i e n c e s - N a t i o n a l  R e s e a r c h  C o u n c i l .  
H u m a n e  p r o c e d u r e s  w e r e  u t i l i z e d  t h r o u g h o u t ,  a n d  a g r a d u a t e  v e t e r i n a r i a n  
w a s  in  c o n s t a n t  a t t e n d a n c e  to p e r f o r m  al l  s u r g i c a l  p r o c e d u r e s  a n d  to i n s u r e  
t h a t  all  a n i m a l s  w e r e  f u l l y  a n e s t h e t i z e d  a n d  i n s e n s i t i v e  to  p a i n  d u r i n g  a n y  
e x p e r i m e n t a l  p r o c e d u r e .  

Many people contributed directly to the success of this project. The 
senior author expresses his thanks to the following people for their very 
great effort: Lynn A. Alford, John J. Barbaccia, David Bellemore, Charles 
E. Bishop, Don Blevins, Daniel Carpenter, Max B. Donaldson, David DuBois, 
Leon Dudewicz, J r . ,  W. Denny Freeston, J r . ,  Alford Jimmerson, Clifton P. 
Johnson, Nina P. Jones, George Keiser, Michael G. Medvesky, Diana 
Patrick, Darolyn A. Perez-Povedo, Scott Shortridge, George Volkov, C. D. 
Williams, and Linda Hoar. 

Special thanks go to my coinvestigators, Doctors Wachtel, McCahan, 
Lum, Trevethan; Messrs. Sauermilch and Takata for their valuable assistance; 
and Doctors Bailey and Knapp for their encouragement and administrative 
support. 

The work described in this report was accomplished by the staff of the 
USAARL and its subcontractors in a project funded jointly by the U. S. Air 
Force Contract FX 2826-70-05327 and the U. S. Army Medical Research and 
Development Command. 



T A B L E  O F  C O N T E N T S  

L i s t  o f  F i g u r e s  . . . . . . . . . . . . . . . . . . . . . . . . . . .  

L i s t  o f  T a b l e s  . . . . . . . .  . . . . . . . . . . . . . . . . . . .  

I n t r o d u c t i o n  . . . . . . . . . . . . . . . . . . . . . .  - . . . . . .  

R e v i e w  o f  t h e  P r o b l e m  . . . . . . . . . . . . . . . . . . . .  

S c o p e  F o r m a t  . . . . . . . . . . . . . . . . . . . . . . . . . .  

H e l i c o p t e r  F i r e  . . . . . . . . . . . . . . . . . . . . . . . . .  

M e t h o d s  a n d  M a t e r i a l s  . . . . . . . . . . . . . . . . . . . . . . .  

F u r n a c e  D e s i g n  a n d  C a l i b r a t i o n  . . . . . . . . . . . . . . . .  

F u r n a c e  . . . . . . . . . . . . . . . . . . . . . . . . . . .  

F u e l  S y s t e m  . . . . . . . . . . . . . . . . . . . . . . . . .  

M o n i t o r i n g  I n s t r u m e n t a t i o n  . . . . . . . . . . . . . . . .  

F u r n a c e  P e r f o r m a n c e  . . . . . . . . . . . . . . . . . . .  

S h u t t e r  S y s t e m  . . . . . . . . . . . . . . . . . . . . . . . . .  

D e s c r i p t i o n  . . . . . . . . . . . . . . . . .  " . . . . . . . .  

P e r f o r m a n c e  . . . . . . . . . . . . . . . . . . . . . . . . . .  

S i n g l e  B u n g y  . . . . . . . . . . . . . . . . . . . . . . .  

D o u b l e  B u n g y  . . . . . . . . . . . . . . . . . . . . . .  . 

F i f t y  P o u n d  W e i g h t  . . . . . . . . . . . . . . . . . . . .  

P n e u m a t i c  . . . . . . . . . . . . . . . . . . . . . . . . .  

T e m p l a t e  . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

D a t a  A c q u i s i t i o n  S y s t e m  . . . . . . . . . . . . . . . . . . . .  
E x p e r i m e n t a l  A n i m a l  P r o c e d u r e s  . . . . . . . . . . . . . .  

P r o c u r e m e n t ,  C a r e ,  H o u s i n g  . . . . . . . . . . . . . . .  

S i t e  P r e p a r a t i o n  . . . . . . . . . . . . . . . . . . . . . .  

B u r n  G r a d i n g  a n d  P h o t o  D o c u m e n t a t i o n  . . . . . . . . .  

B i o p s y  P r o c e d u r e s  . . . . . . . . . . . . . . . . . . . .  

N e c r o p s y  . . . . . . . . . . . . . . . . . . . . . . . . .  

H i s t o p a t h o l o g y  . . . .  . . . . . . . . . . . . . . . . . . . . .  

E x p e r i m e n t s  . . . . . . . . . . . . . . . . . . . . . . . . . .  

B i o l o g i c a l  E x p e r i m e n t s  . . . . . . . . . . . . . . . . . .  

P h y s i c a l  E x p e r i m e n t s  . . . . . . . . . . . . . . . . . . .  

D a t a  S a m p l e  . . . . . . . . . . . . . . . . . . . . . . . . . .  

P A G E  N O .  

7 

7 

8 
8 

8 
8 
8 
9 

10 

10 

i i  

I I  

i i  

i i  

I i  

12 

12 

12 

13 

14 

14 

15 

16 

17 

17 

17 

18 

18 

20 

23  



CONTENTS (Cont.) 

D i s c u s s i o n  . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

F u r n a c e  . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

S h u t t e r  . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

T e m p l a t e s  . . . . . . . . . . . . . . . . . . . . . . . . . . .  

D a t a  A c q u i s i t i o n  S y s t e m  ( D A S )  . . . . . . . . . . . . . . .  

A n i m a l  P r o c e d u r e s  . . . . . . . . . . . . . . . . . . . . . .  

H i s t o p a t h o l o g y  . . . . . . . . . . . . . . . . . . . . . . . .  

E x p e r i m e n t s  . . . . . . . . . . . . . . . . . . . . . . . . . .  

D a t a  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

C o n c l u s i o n s  . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

R e f e r e n c e s  C i t e d  . . . . . . . . . . . . . . . . . . . . . . . . .  

A p p e n d i x e s  

A p p e n d i x  A .  

A p p e n d i x  B .  

A p p e n d i x  C .  

A p p e n d i x  D .  

F i g u r e s  a n d  T a b l e s  . . . . . . . . . . . . . .  

T e m p l a t e  . . . . . . . . . . . . . . . . . . . .  

D a t a  A c q u i s i t i o n  S y s t e m  . . . . . . . . . . .  

T h e r m a l  P r o j e c t  B i b l i o g r a p h y  . . . . . . . .  

PAGE 

23 

24 

24 

24 

25 

25 

N O .  

26 

26 

26 

26 

27 

28 

31 

42 

52 

61 



LIST OF FIGURES 

FIGURE 

i .  C r o s s - S e c t i o n  D r a w i n g  o f  U S A A R L  T - I  F u r n a c e  . . . .  

2. U S A A R L  T - 1  F u r n a c e  F a c i l i t y  a n d  P i g  C a r r i e r /  
S h u t t e r  S y s t e m  . . . . . . . . . . . . . . . . . . . . . .  

. C u t a w a y  D r a w i n g  o f  U S A A R L  T - 1  F u r n a c e / S h u t t e r  
S y s t e m  S h o w i n g :  A)  Oil  B u r n e r ;  B)  W a t e r - C o o l e d  
S h u t t e r ;  C)  P n e u m a t i c  S h u t t e r  P r o p u l s i o n  M e c h a n i c s ;  
a n d  D)  C o n n e c t o r s  f o r  I n s t r u m e n t a t i o n  . . . . . . . . .  

4 R e l a t i o n s h i p  of  T o t a l  H e a t  F l u x  V e r s u s  F u e l  F l o w  
f o r  U S A A R L  T - 1  F u r n a c e  . . . . . . . . . . . . . . . . .  

5.  S h u t t e r  D i s p l a c e m e n t  v s .  T i m e  U s i n g  S i n g l e  B u n g y  
P r o p u l s i o n  S y s t e m  . . . . . . . . . . . . . . . . . . . . .  

6.  S h u t t e r  D i s p l a c e m e n t  v s .  T i m e  U s i n g  D o u b l e  B u n g y  
P r o p u l s i o n  S y s t e m  . . . . . . . . . . . . . . . . . . . . .  

• 7.  S h u t t e r  D i s p l a c e m e n t  v s .  T i m e  U s i n g  5 0 - P o u n d  
W e i g h t  P r o p u l s i o n  S y s t e m  . . . . . . . . . . . . . . . . .  

8. Shutter Displacement vs .  Time Using Pneumatic 

Propulsion System . . . . . . . . . . . . . . . . . . . . .  

9. Animal Template . . . . . . . . . . . . . . . . .  . . . . . . .  

10. S e n s o r  T e m p l a t e  . . . . . . . . . . . . . . . . . . . . . .  

11.  Da ta  F l o w  . . . . . . . . . . . . . . . . . . . . . . . . . .  

12.  A n e s t h e t i z e d  P i g  on  S h u t t e r / C a r r i e r  B e i n g  M o n i t o r e d  
b y  G.  R .  M e C a h a n ,  D . V . M . ,  J u s t  P r i o r  to E x p o s u r e  
to S i m u l a t e d  P o s t c r a s h  F i r e  . . . . . . . . . . . . . . . .  

PAGE NO. 

32 

32 

33 

33 

34 

34 

35 

35 

36 

36 

37 

37 



LIST OF TABLES 

TAB LE 

I. Performance of USAARL T-I Furnace ........... 

2. Correction to Exposure Time by Template Hole and 

Shutter Drive Mechanism ................. 

3. Template Hole Size for Animal Template .......... 

4. Template Hole Size for Sensor Template .......... 

5. Sample of Data Display Found in Takata, Rouse, & 

Stanley (1973) ........................ 

PAGE NO. 

38 

39 

40 

40 

41 



INTRODUCTION 

REVIEW OF THE PROBLEM 

M i l i t a r y  p i l o t s ,  a i r c r e w  m e m b e r s ,  a n d  p a s s e n g e r s  a r e  s u b j e c t e d  to t h e  
t h r e a t  of  f i r e  d u r i n g  " h o t "  r e f u e l i n g ,  i n - f l i g h t  a c c i d e n t s ,  a n d  p o s t c r a s h  
s e q u e n c e s .  M a n y  t h i n g s  m a y  b e  d o n e  to p r o t e c t  p e o p l e  u n d e r  s u c h  c i r c u m -  
s t a n c e s ,  b u t  o n e  of t h e  m o r e  p r o m i s i n g  i s  t h e  w e a r i n g  of  t h e r m a l  p r o t e c t i v e  
c l o t h i n g .  

In  o r d e r  to m i n i m i z e  b u r n s ,  t h e  b e s t  f a b r i c s  a n d  u n i f o r m  d e s i g n s  m u s t  
b e  c h o s e n  f rom a m o n g  t h e  m a n y  t h a t  a r e  o r  wi l l  b e c o m e  a v a i l a b l e .  T h e  m o s t  
d i r e c t  w a y  of  e v a l u a t i n g  p r o p o s e d  u n i f o r m s  is  to s u b j e c t  a m a n  w e a r i n g  a 
c a n d i d a t e  u n i f o r m  to a r e a l  p o s t c r a s h  f i r e .  T h i s  h a p p e n s  al l  too  f r e q u e n t l y  
i n  t h e  m o s t  e x p e n s i v e  a n d  c r u c i a l  of  a l l  e x p e r i m e n t s ,  n a m e l y ,  an  a c t u a l  f i r e .  
U n f o r t u n a t e l y ,  we  do  no t  h a v e  t h e  s c i e n t i f i c  a c u m e n  to a c c u r a t e l y  a s s e s s ,  i n  
r e t r o s p e c t ,  t h e  m a n y  v a r i a b l e s .  T h u s ,  we  l e a r n  l i t t l e .  

A b e t t e r  a p p r o a c h  i s  to s u b j e c t  an  a n a l o g  of  h u m a n  s k i n  ( p i g s k i n )  to  a 
c o n t r o l l e d ,  s i m u l a t e d  p o s t c r a s h  f i r e .  While t h i s  i s  t h e  n e x t  b e s t  a p p r o a c h  
a v a i l a b l e ,  i t  ~ s u f f e r s  f r o m  t h e  l o g i s t i c a l  d r a w b a c k s  of t i m e ,  m a n p o w e r ,  c o s t ,  
a n d  s c i e n t i f i c  c o m p l e x i t y .  

The most reasonable approach for routine testing and evaluation of the 
thermal protective fabrics is to use well calibrated physical sensors to eval- 
uate the heat transfer through and/or from the candidate fabrics when sub- 
jected to a well controlled simulated postcrash fire. The sensor's output 
should be interpretable in terms of burn damage that would have been suf- 
fered by a pig and, by inference, a man. Prior to this study, such interpre- 
tations were not possible. 

T h e  p u r p o s e  of t h i s  s t u d y  w a s  to e s t a b l i s h  t h e  c o r r e l a t i o n  b e t w e e n  
p a r a m e t e r s  d e t e c t e d  b y  p h y s i c a l  ( i . e . ,  n o n b i o l o g i c a l )  s e n s o r s  a n d  d a m a g e  
( b u r n s )  to a n i m a l  t i s s u e  w h e n  b o t h  p h y s i c a l  s e n s o r s  a n d  a n i m a l  t i s s u e  a r e  
e x p o s e d  to i d e n t i c a l  t h e r m a l  l o a d s .  * 

* Work S t a t e m e n t  of T h e r m a l  A n a l y s i s  P r o j e c t ,  d a t e d  J u l y  1971. 
US Ai r  F o r c e  C o n t r a c t  FX 2826-70 -05327 .  



In a d d i t i o n ,  t h e  e f f ec t s  of  i n t e r p o s i n g  f a b r i c s  b e t w e e n  t h e  t h e r m a l  s o u r c e  
a n d  p h y s i c a l  s e n s o r s  o r  a n i m a l  t i s s u e  on  t h i s  c o r r e l a t i o n  w e r e  to b e  d e t e r -  
m i n e d .  

SCOPE FORMAT 

T h i s  r e p o r t  d e s c r i b e s  t h e  e q u i p m e n t  a n d  m e t h o d s  d e v e l o p e d  to c o n d u c t  
t h e  e x p e r i m e n t s  n e e d e d  to e l u c i d a t e  t h e  r e l a t i o n s h i p  b e t w e e n  s e n s o r  o u t p u t  
a n d  a n i m a l  t i s s u e  b u r n s .  T h e  h e a t  s o u r c e ,  p i g  c a r r i e r / s h u t t e r  m e c h a n i s m ,  
t e m p l a t e s ,  d a t a  a c q u i s i t i o n ,  a n i m a l  h a n d l i n g ,  p h o t o g r a p h i c ,  a n d  h i s t o -  
p a t h o l o g i c  p r o c e d u r e s  a r e  d e s c r i b e d .  T h e  e x p e r i m e n t s  a r e  o u t l i n e d ,  b u t  
t h e  r e s u l t s  a n d  d a t a  a n a l y s i s  a r e  p r e s e n t e d  e l s e w h e r e  ( T a k a t a ,  R o u s e ,  
S t a n l e y  1973) (Knox  1979) .  

F i n a l l y ,  a d i s c u s s i o n  of  t h e  e q u i p m e n t  a n d  m e t h o d o l o g i e s  i s  p r e s e n t e d .  

HELICOPTER FIRE 

P a r t  o f  t h e  w o r k  s t a t e m e n t  o u t l i n i n g  t h e  s c o p e  of  t h i s  p r o j e c t  c a l l e d  fo r  
two h e l i c o p t e r s  to b e  i n s t r u m e n t e d  a n d  b u r n e d .  O n l y  o n e  s u c h  h e l i c o p t e r  
w a s  a v a i l a b l e ,  a n d  t h e  t e s t  w a s  c o n d u c t e d  o n  26 May 1972. T h e  r e p o r t  of  
tha t  t e s t  is  t h e  s u b j e c t  of  USAARL L e t t e r  R e p o r t  No.  7 3 - 6 - 3 - 2  b y  C a l v i n  B.  
L u m ,  M . D .  

METHODS AND MATERIALS 

FURNACE DESIGN AND CALIBRATION 

Furnace 

Af te r  c o n s i d e r a t i o n  of  s e v e r a l  p o s s i b l e  f l ame  s o u r c e s ,  i n c l u d i n g  a 
F e d e r a l  A v i a t i o n  A g e n c y  (FAA) f l ame  g u n  (Knox a n d  o t h e r s  1 9 7 1 ) ;  an  
AVCO f i r e  s i m u l a t o r  ( B e l a s o n  a n d  o t h e r s  1970);  m e e k e r  b u r n e r  a n d  q u a r t z  



l a m p s , *  it was  d e c i d e d  to d u p l i c a t e  t he  Nat iona l  A e r o n a u t i c s  a n d  Space  
A d m i n i s t r a t i o n  (NASA) AMES T-3  f u r n a c e . * *  A c c o r d i n g  to the  d e s i g n e r ,  
R i c h a r d  F i s h ,  t he  AMES T-3  f u r n a c e  w a s  d e s i g n e d  to s i m u l a t e  p o s t c r a s h  
f i r e s  b u r n i n g  Je t  P r o p e l l e d - 4  ( J P - 4 ) .  

T h e  f u r n a c e  is  an  i n s u l a t i n g  f i r e  b r i c k  l i n e d  s t ee l  box  h e a t e d  b y  a com-  
m e r c i a l  oil  b u r n e r  (Ray B u r n e r  C o . ,  T y p e  RCR,  Size  0 0 - i )  b u r n i n g  J P - 4 .  
T h e r e  a r e  t h r e e  o n e - f o o t  s q u a r e  t e s t  a r e a s  in  t he  f u r n a c e  (F ig .  1, p .  32) 
w h i c h  p r o v i d e  f a i r l y  u n i f o r m  h e a t  f l u x .  T y p i c a l  v a l u e s  for  t h e s e  a r e a s  
a r e :  

A r e a  1, 2 .4  - 4 .3  c a l o r i e s  p e r  s q u a r e  c e n t i m e t e r  p e r  
s e c o n d ;  90% r a d i a t i v e  

A r e a  2, 6 .0 c a l o r i e s  p e r  s q u a r e  c e n t i m e t e r  p e r  s econd ;  
m o s t l y  c o n v e c t i v e  

A r e a  3~ 1.5 - 3 c a l o r i e s  p e r  s q u a r e  c e n t i m e t e r  p e r  
s e c o n d ;  50% r a d i a t i v e  

, 

In o u r  s t u d i e s ,  t e s t  a r e a  1 .was u t i l i z e d  e x c l u s i v e l y .  

T h e  USAARL T - 1  f u r n a c e ,  F i g u r e s  2 and  3 (pp .  32 & 33) ,  w a s  c o n -  
s t r u c t e d  fo l l owing  b l u e p r i n t s  and  g e n e r a l  s p e c i f i c a t i o n s  , g e n e r o u s l y  p r o v i d e d  
b y  R i c h a r d  F i s h ,  NASA A m e s . * *  

Fuel System 

T h e  fue l  s y s t e m  for  the  f u r n a c e  c o n s i s t e d  of a 5 - g a l l o n  " j e r r y  can"  
c o n n e c t e d  to a CONELEC e l e c t r o n i c  fue l  p u m p  ( r a t e d  at 3 p o u n d s  p e r  s q u a r e  
i n c h  fo r  s ta t ic  f low)  w h i c h  p r o v i d e d  a c o n s t a n t  fue l  p r e s s u r e  to the  m e t e r i n g  
v a l v e  at t h e  i n p u t  to t he  oil  b u r n e r .  Fue l  flow w a s  m o n i t o r e d  b y  a Gi lmont  
F1300 F l o w m e t e r .  Flow r a t e s  (F ig .  4, p .  33) w e r e  c a l c u l a t e d  u s i n g  a fue l  
d e n s i t y  of 0.78 g r a m s  p e r  mi l l i l i t e r  a n d  a v i s c o s i t y  of 1.0 c e n t i p o i s e s  for  
J P - 4 .  T h e  flow r a t e s  s h o u l d  b e  c o n s i d e r e d  a p p r o x i m a t i o n s  b e c a u s e  t h e y  do 
not  t a k e  in to  a c c o u n t  c h a n g e s  in  a t m o s p h e r i c  c o n d i t i o n s .  

* S t a n t o n ,  R. P e r s o n a l  c o m m u n i c a t i o n ,  1971. 
** F i s h ,  R.  P e r s o n a l  c o m m u n i c a t i o n ,  1971-1972. 
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M o n i t o r i n g  I n s t r u m e n t a t i o n  

F u r n a c e  o u t p u t  (hea t  f l ux )  w a s  m o n i t o r e d  u s i n g  a s l u g  c a l o r i m e t e r  and  
a Hyca l  a s y m o t o t i c  c a l o r i m e t e r .  The  i n t e r n a l  wa l l  t e m p e r a t u r e  was  m e a s u r e d  
u s i n g  a c h r o m e l / a l u m e l  t h e r m o c o u p l e  e m b e d d e d  in  a s t ee l  p la te  m o u n t e d  
i n s i d e  the  f u r n a c e .  T h e  e l e c t r i c a l  s i g n a l s  f rom t h e s e  s e n s o r s  w e r e  c o n d i -  
t i oned  a n d  r e c o r d e d  on  a n a l o g  (FM) magnetic"  t a p e ,  s t r i p  c h a r t  r e c o r d i n g s ,  
a n d  h a n d w r i t t e n  r e c o r d s  of d ig i t a l  m e t e r  r e a d i n g s .  The  r e a l  t ime r e a d o u t  
r e s u l t i n g  in  h a n d w r i t t e n  r e c o r d s  w a s  u s e d  to c h e c k  the  s t a t u s  of the  f u r n a c e ,  
p r i o r  to a n d  d u r i n g  e x p e r i m e n t a t i o n .  

F u r n a c e  P e r f o r m a n c e  

D u r i n g  t h e s e  s t u d i e s  t he  p e r f o r m a n c e  of t he  USAARL T-1  f u r n a c e  was  
e v a l u a t e d  in  v a r i o u s  w a y s .  Tab le  1 (p.  38) s u m m a r i z e s  th i s  p e r f o r m a n c e  
da t a .  

As s e e n  b y  the  da t a  in  Tab le  1, the  f u r n a c e  was  c a p a b l e  of r e a s o n a b l y  
s i m u l a t i n g  the  t h e r m a l  p r o p e r t i e s  of l a r g e  J P - 4  f i r e s  ( A l b r i g h t  and  o t h e r s  
1971). T h e  f lame w a s  o b s e r v e d  to p r o g r e s s i v e l y  fi l l  t he  c o m b u s t i o n  c h a m b e r  
as fue l  f lows  i n c r e a s e d  f rom 3.79 to 7 .57  l i t e r s / h o u r .  Th i s  w a s  a c c o m p a n i e d  
b y  an  i n c r e a s e  in  t he  u n i f o r m i t y  of t he  f lame f ron t  at Tes t  A r e a  1. M o r e o v e r ,  
as  the  f lame f i l led  the  c o m b u s t i o n  c h a m b e r ,  t h e r e  was  a d e c r e a s e  in the  r a t io  
of r a d i a t i v e  to to ta l  h e a t  f lux;  i . e . ,  t he  c o n v e c t i v e  c o m p o n e n t  of hea t  t r a n s f e r  
b e c a m e  l a r g e r .  For  e x a m p l e ,  at a fue l  flow r a t e  of 7.19 l i t e r s  p e r  h o u r ,  the  
ra t io  was  .96,  b u t  the  ra t io  d r o p p e d  to .67 at a flow r a t e  of 7.95 l i t e r s  p e r  
h o u r .  

F i g u r e  4 (p.  33) s h o w s  the  r e l a t i o n s h i p  b e t w e e n  fue l  f low and  hea t  f l u x .  
The  shi f t  in the  c u r v e s  f rom 4 O c t o b e r  to 12 O c t o b e r  was  p r o b a b l y  d u e  to 
c h a n g e s  in  a t m o s p h e r i c  c o n d i t i o n s .  For  i n s t a n c e ,  it was  o b s e r v e d  q u a l i -  
t a t i v e l y  tha t  c h a n g e s  in  flow r a t e  w e r e  r e q u i r e d  to m a i n t a i n  a g i v e n  h e a t  
f lux  w h e n  t h e  room a i r  t e m p e r a t u r e  and  h u m i d i t y  c h a n g e d .  No a t t empt  was  
m a d e  to c o n d i t i o n  o r  p r e c i s e l y  c o n t r o l  t he  a i r  d r a w n  in to  the  c o m b u s t i o n  
c h a m b e r .  

Likewise, the velocity vector of the combusting gases in the furnace was 
not controlled. The flame front did not contact the test area from a normal 
direction. Instead, it swirled about sweeping across the port. 
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SHUTTER SYSTEM 

Description 

T h e  e x p o s u r e  of  t h e  p i g s  andS/or  s e n s o r s  to t h e  f i r e  w a s  c o n t r o l l e d  b y  a 
w a t e r - c o o l e d  m e c h a n i c a l  " foca l  p l a n e "  s h u t t e r .  T h i s  s t e e l  s h u t t e r  w a s  
m o u n t e d  in  a s p e c i a l l y  b u i l t  p i g  c a r r i e r ,  s h o w n  in  F i g u r e s  2 a n d  3 ( p p .  
32 & 33) .  D u r i n g  t he  c o u r s e  o f  t h e  p r o j e c t ,  f o u r  m e c h a n i s m s  w e r e  u s e d  
to p r o p e l  t h e  s h u t t e r .  E a c h  is  d e s c r i b e d  b e g i n n i n g  in  t h e  s e c t i o n  t i t l e d  
S i n g l e  B u n g y  ( see  b e l o w ) .  D i s p l a c e m e n t  of t he  s h u t t e r  as  a f u n c t i o n  of  
t ime  w a s  r e c o r d e d  on  v i d e o  t a p e  a n d  p l a y e d  b a c k  o n e  f r a m e  at a t i m e .  By  
r e c o r d i n g  t h e  d i s p l a c e m e n t  p e r  f r a m e  (one  f r a m e  is  33 .3  m i l l i s e c o n d s ) ,  a 
g r a p h  d e p i c t i n g  d i s p l a c e m e n t  as  a f u n c t i o n  of  t ime  w a s  d e v e l o p e d  fo r  e a c h  
m e t h o d  of  p r o p u l s i o n .  T h e s e  a r e  s h o w n  in  F i g u r e s  5, 6, 7, a n d  8 ( p p .  34 
& 35) .  T h e s e  g r a p h s  w e r e  u s e d  to d e t e r m i n e  t h e  c o r r e c t i o n  f a c t o r s  
(Tab le  2, p .  39) w h i c h  s h o u l d  b e  a d d e d  to t h e  r e c o r d e d  e x p o s u r e  t i m e  
to g i v e  t h e  a c t u a l  e x p o s u r e  t i m e  for  e a c h  b u r n  s i t e .  

PERFORMANCE 

S i n g l e  B u n g y  

T h e  f i r s t  v e r s i o n  of  t h e  s h u t t e r  w a s  p r o p e l l e d  b y  a s i n g l e  loop  of 3 /8  
i n c h  r u b b e r  b u n g y  o r  s h o c k  c o r d .  It g a v e  a f a i r l y  r a p i d  o p e n i n g  r e s p o n s e  
(210 m i l l i s e c o n d s  to o p e n  al l  t e m p l a t e  h o l e s ,  F i g u r e s  5, 9,  a n d  10,  p p .  34 
& 36) ,  b u t  a m u c h  s l o w e r  c l o s i n g  s e q u e n c e  (606 m i l l i s e c o n d s  to c l o s e  a l l  
h o l e s ) .  T h i s  l a r g e  (88%) a s y m m e t r y  c a u s e s  h o l e s  3 a n d  6 ( F i g s .  9 & 10, 
p .  36) to b e  e x p o s e d  a p p r o x i m a t e l y  280 m i l l i s e c o n d s  l o n g e r  t h a n  h o l e s  1 
a n d  4 ( F i g s .  9 & 10, p .  36) .  It w a s  o b s e r v e d ,  a l s o ,  t h a t  i t s  p e r f o r m a n c e  
f rom e x p e r i m e n t  to e x p e r i m e n t  w a s  e r r a t i c .  

Doub le  B u n g y  

T h e  f i r s t  s o l u t i o n  to t h e  p r o b l e m s  e x p e r i e n c e d  w i t h  t h e  s i n g l e  b u n g y  
m e t h o d  w a s  to d o u b l e  t h e  l o o p s  of  3 /8  i n c h  r u b b e r  s h o c k  c o r d .  T h i s  r e -  
s u l t e d  in  n e a r l y  t h e  s a m e  o p e n i n g  r e s p o n s e  t i m e  b u t  a m u c h  r e d u c e d  c l o s i n g  
r e s p o n s e  t ime  ( f rom 606 to 340 m i l l i s e c o n d s ) .  T h e  a s y m m e t r y  w a s  r e d u c e d  
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f rom 188% to 65%. Holes  3 a n d  6 w e r e  e x p o s e d  a p p r o x i m a t e l y  100 m i l l i s e c o n d s  
l o n g e r  t h a n  h o l e s  1 a n d  4. T h e  d o u b l e  b u n g y  v e r s i o n  o p e r a t e d  in  a m u c h  
l e s s  e r r a t i c  m a n n e r  (F ig .  6, p .  34 ) .  

Fifty Pound Weight 

In an  a t t e m p t  to f u r t h e r  i m p r o v e  p e r f o r m a n c e ,  a t h i r d  m e t h o d  of  p o w e r -  
i n g  t h e  s h u t t e r  w a s  d e v i s e d .  T h e  d o u b l e d  b u n g y  c o r d s  w e r e  r e p l a c e d  w i t h  
a 5 0 - p o u n d  w e i g h t  w h i c h  w a s  a c c e l e r a t e d  b y  g r a v i t y .  At t h e  e x p e n s e  of  a 
s l i g h t l y  s l o w e r  o p e n i n g  s e q u e n c e  (288 v s .  206 m i l l i s e c o n d s )  t h e  a s y m m e t r y  
w a s  r e d u c e d  to 5%. T h e  d i s p l a c e m e n t  of  t h e  c l o s i n g  c u r v e  to t he  le f t  (F ig .  
7, p .  35) w a s  c a u s e d  b y  1 .5  i n c h  e x t r a  t r a v e l  e x p e r i e n c e d  b y  s h u t t e r  d u r i n g  
o p e n i n g .  T h i s  m e t h o d  w a s  c u m b e r s o m e  a n d  a d d e d  a s i g n i f i c a n t  o v e r t u r n i n g  
t o r q u e  to t he  p i g  c a r r i e r .  

Pneumatic 

T h e  f i na l  s h u t t e r  p r o p u l s i o n  s y s t e m  e m p l o y e d  b a c k - t o - b a c k  n i t r o g e n -  
p o w e r e d  p n e u m a t i c  c y l i n d e r s .  T h i s  m e t h o d  h a d  o p e n i n g  a n d  c l o s i n g  t i m e s  
of  196 a n d  213 m i l l i s e c o n d s  r e s p e c t i v e l y .  A s y m m e t r y  b e t w e e n  o p e n i n g  a n d  
c l o s i n g  i n c r e a s e d  s l i g h t l y  to 9%. Holes  1 a n d  4 w e r e  e x p o s e d  a p p r o x i m a t e l y  
38 m i l l i s e c o n d s  l o n g e r  t h a n  h o l e s  3 a n d  6. M e c h a n i c a l  c o n s i d e r a t i o n s  d i c -  
t a t e d  t h a t  t h e  d i r e c t i o n  of  s h u t t e r  m o t i o n  b e  r e v e r s e d  so  t h a t  h o l e s  3 a n d  6 
w e r e  o p e n e d  f i r s t .  T h i s  s y s t e m  h a d  s u f f i c i e n t  f o r c e  to  o v e r c o m e  al l  t h e  
f r i c t i o n  i m p o s e d  b y  t h e  s h u t t e r  o n  i t s  r a i l s .  T h e  r e s u l t  w a s  a m u c h  m o r e  
r e l i a b l e  p e r f o r m a n c e  (F ig .  8, p .  35) .  

TEMPLATE 

D u r i n g  e x p e r i m e n t a t i o n ,  t h e  t e m p l a t e s  s h o w n  in F i g u r e s  9 a n d  10 
(p .  36) w e r e  u s e d .  Bo th  t e m p l a t e s  w e r e  of  l a m i n a r  c o n s t r u c t i o n  u s i n g  
s h e e t s  of t r a n s i t e  a n d  l e a t h e r .  

D u r i n g  a n i m a l  e x p e r i m e n t a t i o n ,  t h e  " a n i m a l "  t e m p l a t e  (F ig .  9, p .  36) 
w a s  u s e d  to c i r c u m s c r i b e  t he  b u r n  s i t e s .  T h e  h o l e s  in  t he  l e a t h e r  a n d  
top  t r a n s i t e  s h e e t  w e r e  i d e n t i c a l .  Ho les  in  t h e  b o t t o m  t r a n s i t e  s h e e t  a r e  
l a r g e r  b u t  c o n c e n t r i c  w i t h  t h e  h o l e s  in  t h e  o t h e r  two  s h e e t s .  D u r i n g  e x -  
p e r i m e n t a t i o n  u s i n g  n o n b i o l o g i e a l  s e n s o r s ,  t h e  " s e n s o r "  t e m p l a t e  s h o w n  in 
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F i g u r e  10 (p .  36) w a s  u s e d .  Holes  i n  the  two  t r a n s i t e  s h e e t s  w e r e  c o n -  
c e n t r i c  b u t  h a d  d i f f e r e n t  d i a m e t e r s ;  t h e  b o t t o m  t r a n s i t e  s h e e t  h a v i n g  t h e  
l a r g e r  h o l e s .  

In  t h e  u p p e r  s h e e t  of  al l  t e m p l a t e s ,  Ho le s  1 a n d  3 w e r e  1 - 9 / 1 6  i n c h e s  in  
d i a m e t e r ,  w h i l e  Ho les  2,  4 ,  a n d  6 w e r e  2 i n c h e s  in  d i a m e t e r .  T h i s  d i f f e r -  
e n c e  p e r m i t t e d  t h e  e f fec t  of  l a t e r a l  h e a t  c o n d u c t i o n  on  b u r n  g r a d e  to b e  
s t u d i e d .  

As i s  d i s c u s s e d  in  T a k a t a  a n d  o t h e r s  (1973) ,  t h e  t e m p l a t e  s h a d e d  t h e  
e x p o s u r e  s i t e  f r o m  some  of  t h e  i n c i d e n t  h e a t  f l u x .  To d e c r e a s e  t h e  s h a d i n g  
c a u s e d  b y  a d o u b l e  l a y e r  t e m p l a t e ,  t h e  l o w e r  t r a n s i t e  s h e e t  h a d  h o l e s  w h i c h  
w e r e  o n e - h a l f  i n c h  l a r g e r  in  d i a m e t e r  t h a n  t h e i r  m a t e s  in  t h e  u p p e r  s h e e t .  

T h e  t e m p l a t e s  a r e  d i s c u s s e d  in  m o r e  d e t a i l  in  A p p e n d i x  B.  

DATA ACQUISITION SYSTEM 

A d a t a  a c q u i s i t i o n  s y s t e m  (DAS) w a s  d e v e l o p e d  to c o l l e c t ,  p r o c e s s ,  a n d  
s t o r e  i n f o r m a t i o n  f r o m  t h e  f i r e  s i m u l a t o r ,  t h e  p i g s ,  t h e  e x p e r i m e n t a l  s e n s o r s ,  
a n d  f r o m  t h e  o b s e r v a t i o n s  of  t h e  r e s e a r c h  s t a f f .  T h e  r e s u l t i n g  c o m p u t e r i z e d  
d a t a  b a s e  p r o v i d e d  e a s i l y  a c c e s s i b l e  d a t a  u p o n  w h i c h  to b u i l d  t h e  B u r n  
P r e d i c t i o n  M o d e l .  F i g u r e  11 (p .  37) s h o w s  t h e  d a t a  f low t h r o u g h  t h e  
a c q u i s i t i o n  s y s t e m .  A d e t a i l e d  d e s c r i p t i o n  of  t h e  DAS is  f o u n d  in  A p p e n d i x  
C. 

T h e r e  w e r e  t h r e e  t y p e s  of  d a t a  g e n e r a t e d  in  t h i s  e x p e r i m e n t .  T y p e  I 
d a t a  a r e  t h e  d a t a  g a i n e d  t h r o u g h  a n i m a l  e x p e r i m e n t a t i o n .  T h e  e x p e r i m e n t s  
p r o d u c e d  b u r n s  w h i c h  w e r e  g r a d e d  v i s u a l l y  a n d  p a t h o l o g i c a l l y .  T h e  v a l u e s  
w e r e  r e c o r d e d  on  h a n d w r i t t e n  r e c o r d s  a n d  l a t e r  t r a n s c r i b e d  i n t o  c o m p u t e r  
r e c o r d s .  

T y p e  II d a t a  c o n s i s t  of m i s c e l l a n e o u s  o b s e r v a t i o n s  m a d e  b y  t h e  r e s e a r c h  
s ta f f .  As w i t h  T y p e  I d a t a ,  t h e s e  w e r e  f i r s t  h a n d w r i t t e n  a n d  l a t e r  t r a n s c r i b e d  
in to  c o m p u t e r  r e c o r d s .  Some  e x a m p l e s  of  t h e  t y p e s  of  o b s e r v a t i o n s  w h i c h  
b e c a m e  T y p e  II d a t a  a r e  t h e  f o l l o w i n g :  

1. Date  a n d  t ime  of  e x p e r i m e n t .  
2.  A m p l i f i e r  g a i n s .  
3. F u e i  f l ow.  
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4. Furnace temperature. 
5. Smoke content of furnace exhaust. 
6. Experiment configuration. 
7. Initial skin temperature of animal. 

Electrical signals from physical sensors comprise Type III data. These 
were recorded either as analog signals on an instrumentation tape recorder, 
or as printed output on a digital printer.  The analog (FM) magnetic tape 
recording was later electrically converted to a digital computer tape record- 
ing. The digital printer output was manually reduced and hand recorded 
and later incorporated into computer records. 

EXPERIMENTAL ANIMAL PROCEDURES 

Procurement, Care, Housing 

Ninety-five white, crossbred, mixed male and female, domestic swine 
were procured locally, quarantined for a minimum of 30 days, freed of in- 
ternal and external parasites, and verified to be healthy prior to use in this 
study. 

All pigs were ear-tagged upon initial entry and individual health records 
started and maintained. Temperatures were taken rectally twice a day using 
an electronic thermometer* and recorded on temperature charts. A Livestock 
Weather Safety Index (LWSI)** was calculated at least twice a day and when- 
ever resuscitation procedures were used on a pig experiencing malignant 
hyperthermia. 

Pens were located outside and consisted of 24 runs,  12 runs per side, 
with concrete floors and 4-inch high concrete dividers topped with free- 
standing chainlink fencing panels. All pens were 4 feet wide by 16 feet  
long with 4 foot Wide gates opening onto a central aisle that was 8 feet 
wide. Runs were equipped with automatic waterers.*** A commercially 

* GFA Electronic Thermometer Model #0071 and Model #0111, Agricul- 
tural Electronics, Montclair, CA 91763. 

** Farm Journal, Hog Extra, 1972. 
*** Lixit Dog Waterers, Atco Mfg. Co., Napa, CA 94558 
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p r e p a r e d  16% p r o t e i n  p e l l e t e d  f e e d  w a s  p l a c e d  o n  t h e  f l oo r  o n c e  o r  t w i c e  
d a i l y  fo r  t h e  p i g s ,  h o u s e d  two  p e r  p e n ,  to ea t .  

T h e  e n t i r e  a r e a  w a s  c o v e r e d .  T h e  i n t e r i o r  h a l f  of  e a c h  r u n  a n d  t h e  c e n t e r  
a i s l e  w e r e  u n d e r  a m e t a l  b u i l d i n g  w i t h  a h i g h  c r o w n  r o o f ,  a n d  t h e  o u t e r  h a l f  
of  t he  r u n s  w a s  c o v e r e d  b y  c a n v a s .  E i g h t  l a r g e  f a n s  w e r e  u s e d  in  c o n j u n c -  
t ion  w i t h  o r d i n a r y  g a r d e n - t y p e  s p r i n k l e r  h o s e s  to h e l p  p r o v i d e  e v a p o r a t i v e  
c o o l i n g  a n d  a i r  c i r c u l a t i o n .  P r i o r  to e x p e r i m e n t a t i o n  a n d  p r i o r  to b i o p s y ,  
a i r  o n l y  w a s  u s e d  fo r  c o o l i n g .  

E a c h  a n i m a l  w a s  h a n d l e d  e x t e n s i v e l y  b y  t h e  c a r e t a k e r s ;  as  a r e s u l t ,  a 
! a r g e  n u m b e r  of  m a n u a l  m a n i p u l a t i o n s  c o u l d  b e  d o n e  w i t h o u t  a n i m a l  e x c i t e :  
m e n t .  

S i t e  P r e p a r a t i o n  

D e p i l a t i o n  of a n i m a l s u s e d  in  e x p e r i m e n t a t i o n  w a s  a c c o m p l i s h e d  b y  
a n e s t h e t i z i n g  t h e m  a n d  u s i n g  a sma l l  a n i m a l  c l i p p e r *  w i t h  a #40 h e a d .  F o r  
t h e  f i r s t  40 a n i m a l s ,  t h i s  w a s  d o n e  3 to 5 d a y s  p r i o r  to e x p e r i m e n t a t i o n ,  
w h i l e  t h e  l a s t  55 w e r e  c l i p p e d  t h e  d a y  of  u s e .  E x t r e m e  c a r e  w a s  u s e d  to 
i n s u r e  t h a t  m i n o r  a b r a s i o n s ,  n i c k s ,  a n d  c u t s ,  r e s u l t i n g  f rom t h e  c l i p p i n g ,  
d i d  n o t  o c c u r .  If f o u n d ,  s u c h  i r r i t a t i o n  w a s  g r o u n d s  fo r  d e l e t i n g  t h a t  p a r -  
t i c u l a r  a n i m a l  f r o m  u s e  u n t i l  c o m p l e t e  r e c o v e r y  w a s  n o t e d  (Wach te l ,  M c C a h a n ,  
K n o x  1977) .  T h i s  r a r e l y  o c c u r r e d .  

P i g s  w e r e  u s u a l l y  p r e d o s e d  w i t h  a t r o p i n e  (0 .02  m i l l i g r a m / p o u n d )  a d m i n -  
i s t e r e d  i n t r a m u s c u l a r l y  a p p r o x i m a t e l y  20 m i n u t e s  b e f o r e  g a s e o u s  a n e s t h e s i a  
w a s  g i v e n .  T h e  m a j o r i t y  of  t h e  p i g s  w e r e  a n e s t h e t i z e d  u s i n g  H a l o t h a n e ,  U S P ,  
w i t h o u t  c o m p l i c a t i o n s ;  h o w e v e r ,  12 c a s e s  of  m a l i g n a n t  h y p e r t h e r m i a  w e r e  
e n c o u n t e r e d .  T h r o u g h  t he  j u d i c i o u s  u s e  o f  s u p p o r t i v e  t h e r a p e u t i c s  no  a n i -  
m a l s  t h a t  e x h i b i t e d  m a l i g n a n t  h y p e r t h e r m i a  w e r e  l o s t .  A m u s c l e  r e l a x a n t  
d r u g  w a s  n e v e r  e m p l o y e d .  

H a l o t h a n e  w a s  a d m i n i s t e r e d  v i a  n o s e  c o n e  u n t i l  t h e  p i g ' s  r e a c t i o n s  w e r e  
s u c h  t h a t  e a c h  c o u l d  b e  i n t u b a t e d .  O n l y  t h r e e  p i g s  c o u l d  n o t  b e  i n t u b a t e d  
s a f e l y ,  a n d  in  t h e s e ,  t h e  n o s e  c o n e  w a s  u t i l i z e d  t h r o u g h o u t  t h e  e n t i r e  p r o c e -  
d u r e .  

* O s t e r  Mode l  #A2, J o h n  O s t e r ,  Mfg .  C o . ,  M i l w a u k e e ,  WI 53217.  
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Fo l lowing  i n d u c t i o n  of a n e s t h e s i a ,  p i g s  w e r e  w e i g h e d  on a 150 k i l o g r a m  
a n t h r o p o m e t r i c  sca l e*  and  t h e n  p l a c e d  on the  s h u t t e r / c a r r i e r  for  c o n t r o l l e d  
m o v e m e n t  o v e r  t he  h e a t  s o u r c e  (Fig .  12, p .  37) .  

B u r n  G r a d i n g  a n d  Photo  D o c u m e n t a t i o n  

I m m e d i a t e l y  a f t e r  t h e r m a l  e x p o s u r e  all  p i g s  w e r e  p h o t o g r a p h e d  w h i l e  
s t i l l  u n d e r  t he  e f fec t s  of a n e s t h e s i a .  A 35 mm c a m e r a * *  w a s  u s e d  w i t h  a 
s t a n d - o f f  f i x t u r e  to i n s u r e  a c c u r a t e  p l a c e m e n t  of t h e  c a m e r a .  

Each  b u r n  s i te  on t h e  an imal  w a s  p h o t o g r a p h e d  s e p a r a t e l y .  I n c l u d e d  in 
the  pho tos  w e r e  i d e n t i f i c a t i o n  s y m b o l s  a n d  a co lo r  r e f e r e n c e  c h a r t .  A l so ,  a 
p h o t o g r a p h  of e a c h  g r o u p  of s ix  b u r n s  w a s  m a d e .  I m m e d i a t e l y  a f t e r  the  
p h o t o g r a p h i c  d o c u m e n t a t i o n ,  t he  b u r n s  w e r e  v i s u a l l y  g r a d e d  b y  two m e m b e r s  
of the  s ta f f  (a b u r n  s u r g e o n  and  a v e t e r i n a r i a n ) .  

At 24 h o u r s  p o s t b u r n ,  e a c h  s i te  w a s  r e p h o t o g r a p h e d  and  r e g r a d e d  b y  the  
same  two s ta f f  m e m b e r s  a n d  the  r e s u l t s  r e c o r d e d .  At th i s  t ime  the  p ig  was  
r e s t r a i n e d ,  u n a n e s t h e t i z e d ,  on the  p h o t o g r a p h y  t ab le  b y  h a n d l e r s .  

I m m e d i a t e l y  fo l l owing  th i s  the  p ig  w a s  g i v e n  an  i n j e c t i o n  to r e n d e r  it un-- 
c o n s c i o u s ,  a n d  it ~vas e x s a n g u i n a t e d .  At t h i s  t ime a m e d i c a l  i l l u s t r a t o r  
s k e t c h e d  the  c o n f i g u r a t i o n  of the  b u r n  d e p i c t i n g  the  loca t ion  of the  i n d i v i d u a l  
i n c i s i o n a l  b i o p s i e s .  

T h e  g r o s s  ( c l i n i ca l )  e v a l u a t i o n  i n c l u d e d  s u r f a c e  a p p e a r a n c e ,  h a i r  r e :  
mova l ,  s e n s a t i o n ,  a n d  t ac t i l e  r e s p o n s e .  Of t h e s e  m e t h o d s  s u r f a c e  a p p e a r a n c e  
w a s  t he  mos t  i m p o r t a n t .  Deta i l s  of the  c l i n i c a l  g r a d i n g  s y s t e m  m a y  be  found  
in  Wachte l ,  Knox ,  a n d  McCahan  (1978).  

* F a i r b a n k s  Model  41-3314,  F a i r b a n k s - M o r s e  W e i g h i n g  S y s t e m  Div.  
** Nikon  F.  B o d y ,  M e d i c a l - N i c c o r  55 mm f 3.5 l ens ;  Kodak CX-135 ASA 

80 co lo r  n e g a t i v e  f i lm,  wi th  s t r o b o n a r  f l a s h  un i t  (3400 ° K ) .  
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Biopsy P r o c e d u r e s  

Biopsy t i s s u e s  w e r e  t aken  to encompass  the  a r e a  as it had b e e n  g r a d e d  
g r o s s l y  (i. e . ,  the  a r ea  that  was  most typ ica l  of the b u r n  and that  had  r e -  
ce ived  the  n u m e r i c a l  r a t i ng  p i cked  as r e p r e s e n t a t i v e  of the b u r n )  and  ex-  
t ended  into normal  t i s sue  s u r r o u n d i n g  the b u r n .  The same i nves t i ga to r  d id  
all the  b iopsy  t a k i n g ,  and a d i f fe rent  i n d i v i d u a l  was  p e r s o n a l l y  r e s p o n s i b l e  
for i n s u r i n g  that  each  spec imen  was  p l aced  in the  a p p r o p r i a t e l y  p r e l a b e l e d  
spec imen  c o n t a i n e r .  Plast ic  b a g s , *  con ta in ing  a solut ion of u n b u f f e r e d  10% 
formal in ,  w e r e  p r epos i t i oned  in a compar tmen t i zed  ho lde r  and  ca re fu l ly  
h a n d l e d  to i n s u r e  that  each  sample went  into the  c o r r e c t  b a g .  The b a g s  
w e r e  then  heat  s e a l e d , * *  s to red  o v e r n i g h t  to c h e c k  for l e a k s ,  and p a c k a g e d  
for d e l i v e r y  to the  v e t e r i n a r y  pa tho log i s t  for mic roscop ic  examina t ion .  

Nec ropsy  

A modif ied n e c r o p s y ,  to v e r i f y  the hea l th  of the expe r imen t a l  s u b j e c t s ,  
was  comple ted  on each  p ig  u s e d  in this  s t u d y .  All w e r e  found to be  wi thout  
s igni f icant  pa thologica l  mani fes ta t ions .  A s ing le  p ig  was no t ed  to have  small  
n u m b e r s  of l u n g w o r m s  in one lobe .  

HISTOPATHOLOGY 

The formal in  f ixed skin  spec imens  w e r e  a s s i g n e d  a pa tho logy  acces s ion  
n u m b e r  upon  r ece ip t  at the Naval Ae rospace  Medical  R e s e a r c h  Labora to ry .  
The spec imens  w e r e  d e h y d r a t e d ,  e m b e d d e d ,  sec t ioned  at 6-7 m i c r o n s ,  and 
s ta ined  wi th  Hematoxyl in  and Eos in .  The s t a ined  s l ides  w e r e  r e a d  b y  a 
v e t e r i n a r y  pa thologis t  for d e g r e e  of b u r n  dep th .  Detai led p r o c e d u r e s  for 
spec imen  p r e p a r a t i o n  and g r a d i n g  may be  found in USAARL Repor t  No. 
78-11, by  Knox and o the r s  (1978). 

* Bag, Plastic, Pathological Specimen, FSN 8105-299-9802. 
** Scotchpak Package Sealer, Kapak Industries, Bloomington, NM 55431. 
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EXPERIMENTS 

It w a s  n e c e s s a r y  to p e r f o r m  a n u m b e r  of d i f f e r e n t  e x p e r i m e n t s  to g a i n  
t h e  d a t a  r e q u i r e d  to b u i l d  t h e  B u r n  P r e d i c t i o n  M o d e l .  E v e n  t h o u g h  e a c h  
e x p e r i m e n t  w a s  q u i t e  d i f f e r e n t ,  t h e y  a l l  m a y  b e  c a t e g o r i z e d  as  e i t h e r  b i o -  
l o g i c a l  o r  p h y s i c a l  e x p e r i m e n t s .  

Biological E x p e r i m e n t s  

T h e r e  a r e  f o u r  t y p e s  of  e x p e r i m e n t s  w h i c h  we  c a t e g o r i z e d  as  b i o l o g i c a l  
e x p e r i m e n t s .  T h e  o r d e r  in  w h i c h  e x p e r i m e n t s  a r e  d i s c u s s e d  d o e s  no t  i m p l y  
t h e  o r d e r  o f  t h e i r  e x e c u t i o n .  

T h e  f i r s t  e x p e r i m e n t  w a s  to d e t e r m i n e  t h e  a m o u n t  of  w a t e r  i n  s k i n  a v a i l -  
ab le  to s u p p o r t  s t e a m  b l i s t e r  f o r m a t i o n .  T h e  p r o c e d u r e  u s e d  w a s  to t a k e  
n u m e r o u s  s a m p l e s  of  p o r c i n e  s k i n  a n d  m e a s u r e  t h e i r  v o l u m e ,  t h i c k n e s s ,  a n d  
w e i g h t .  T h e n  d e h y d r a t e  t h e  s a m p l e s  a n d  w e i g h  t h e m  a g a i n .  T h e  d i f f e r e n c e  
in  w e i g h t  w a s  d u e  to w a t e r  e v a p o r a t i o n .  T h e  d e h y d r a t i o n  p r o c e d u r e  w a s  as  
fo l lows :  

1. Weigh samples. 
2. Heat samples to 110 degrees centigrade for 3 days. 
3. Cool samples in desiccation chamber. 
4. Reweigh samples. 
5. Repeat process until no weight difference is detected. 

T h e  r e s u l t  of  t h e  e x p e r i m e n t  w a s  a p r o f i l e  of  w a t e r  c o n c e n t r a t i o n  v e r s u s  
d e p t h  b e n e a t h  t h e  s u r f a c e .  T h i s  p r o f i l e  i s  s h o w n  in  T a b l e  5 (p .  4 1 ) ,  
T a k a t a ,  R o u s e ,  a n d  S t a n l e y  (1973) a n d  is  d i s c u s s e d  in  m o r e  d e t a i l  in  Knox  
(1979) .  

T h e  s e c o n d  e x p e r i m e n t  h a d  two o b j e c t i v e s :  (1) d e t e r m i n e  t h e  t ime  r e -  
q u i r e d  to i n i t i a t e  b l i s t e r  f o r m a t i o n  d u r i n g  t h e  b u r n i n g  p r o c e s s ,  a n d  (2) 
v e r i f y  t h e  a b s o r p t i v i t y  of  n a t u r a l  p o r c i n e  s k i n .  T h e  m a t e r i a l s  u s e d  w e r e  
an  a n e s t h e t i z e d  w h i t e  p i g ,  one  h i g h  i n t e n s i t y  q u a r t z - i o d i d e  l a m p , *  a s h e e t  

* T o r c h l a m p ,  Mode l  T L - 2 ,  S m i t h - V i c t o r  C o r p . ,  G r i f f i t h ,  ID 46319.  
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of soft a s b e s t o s  w i t h  a 3 - i n c h  ho le  cu t  in  i t s  c e n t e r ,  a t e l e v i s i o n  c a m e r a  
a n d  r e c o r d e r , *  a n d  b l a c k  s p r a y  p a i n t . * *  

T h e  m e t h o d  w a s  s t r a i g h t f o r w a r d .  T h e  a n e s t h e t i z e d  p ig  w a s  p l a c e d  on 
i ts  s i d e  on a t a b l e .  T h e  a s b e s t o s  s h e e t  w a s  p l a c e d  atop the  an imal  so t h a t  
t he  hole  e x p o s e d  the  s k i n  d i r e c t l y  b e n e a t h  i t .  T h e n  the  l amp ,  at a d i s t a n c e  
of f rom 2 to 10 i n c h e s ,  w a s  t u r n e d  on .  Once  a b l i s t e r  f o r m e d ,  t he  lamp w a s  
e x t i n g u i s h e d  and  t h e  a s b e s t o s  s h e e t  r e m o v e d .  

D u r i n g t h e  e x p o s u r e  p r o c e s s ,  t h e  t e l e v i s i o n  r e c o r d e r  p h o t o g r a p h e d  t h e  
a c t i v i t y  of t he  b l i s t e r i n g  an ima l  s k i n .  When the  v~deo r e c o r d i n g  was  r e -  
p l a y e d ,  t he  s i n g l e  f r a m e  f e a t u r e  of t he  r e c o r d e r  w a s  u s e d .  T h i s  a l l owed  t h e  
e x p e r i m e n t  to b e  v i e w e d  as a s e r i e s  of s t i l l  p h o t o g r a p h s  s e p a r a t e d  in  t ime b y  
33.34 m i l l i s e c o n d s .  T h u s ,  it w a s  p o s s i b l e  to m e a s u r e  t he  t ime  b e t w e e n  the  
s t a r t  of e x p o s u r e  a n d  the  s t a r t  of b l i s t e r  f o r m a t i o n .  By e x p o s i n g  b o t h  n a t u r a l  
s k i n  and  s k i n  b l a c k e n e d  wi th  pa in t  of k n o w n  a b s o r p t i v i t y ,  the  a b s o r p t i v i t y  
of t he  n a t u r a l  p o r c i n e  s k i n  c o u l d  b e  c a l c u l a t e d  ( T a k a t a ,  R o u s e ,  S t a n l e y  
1973).  

T h e  t h i r d  e x p e r i m e n t  a l so  h a d  two o b j e c t i v e s :  (1) a s s e s s  the  e f fec t s  of 
i m m e d i a t e  c oo l i ng  on po ten t i a l  b u r n s ,  a n d  (2) g a i n  a d d i t i o n a l  da ta  for  t he  
c o n s t r u c t i o n  of t h e  B u r n  P r e d i c t i o n  Model .  

T h e  m a t e r i a l s  w e r e  an a n e s t h e t i z e d  p i g ;  two a l u m i n u m  d i s k s ,  43.2 ram 
in  d i a m e t e r  a n d  5 mm th i ck ;  a c o n t a i n e r  of b o i l i n g  w a t e r ;  a c o n t a i n e r  of ice  
w a t e r ;  a n d  a w a t c h .  

A g a i n ,  t he  m e t h o d  u s e d  w a s  s i m p l e .  T h e  p ig  w a s  p l a c e d  on i t s  s i d e  a top 
a t a b l e .  One a l u m i n u m  d i s k  w a s  at t h e r m a l  e q u i l i b r i u m  in  t he  b o i l i n g  w a t e r  
a n d  t h e  o t h e r  d i s k  w a s  in  e q u i l i b r i u m  in t he  i ce  w a t e r .  F i r s t ,  t he  hot  d i s k  
w a s  r e m o v e d  f rom i ts  b a t h  a n d  q u i c k l y  p r e s s e d  a g a i n s t  a p o r t i o n  of t he  a n i -  
ma l ' s  s k i n .  A f t e r  10 s e c o n d s ,  it w a s  q u i c k l y  r e m o v e d ,  a n d  the  co ld  d i s k  w a s  
t a k e n  f rom its  b a t h  a n d  p l a c e d  on  t h e  p r e v i o u s l y  h e a t e d  s k i n .  The  "co ld"  
d i s k  r e m a i n e d  in  p l a c e  un t i l  it c ame  to t he  t h e r m a l  e q u i l i b r i u m  wi th  t he  p i g  
(See T a k a t a ,  R o u s e ,  S t a n l e y  1973 for  d e t a i l e d  d i s c u s s i o n ) .  

* S o n y - M a t i c  P o r t a b l e  V i d e o c o r d e r ,  Sony  E l e c t r o n i c s  C o r p . ,  J a p a n .  
** Nex te l  B r a n d  V e l v e t  C o a t i n g ,  101-C10 B l a c k ,  3M C o m p a n y ,  3M 

C e n t e r ,  St .  P a u l ,  MN 55101. 
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The  f o u r t h  b i o l o g i c a l  e x p e r i m e n t  i n v o l v e d  e x p o s i n g  p o r c i n e  sk in  to 
v a r i o u s  s e v e r e  hea t  l o a d s .  T h e  o b j e c t i v e  was  to co l l ec t  e n o u g h  da ta  to 
b u i l d  and  a d j u s t  t he  USAARL/IITRI B u r n  P r e d i c t i o n  Model .  T h e  m a t e r i a l s  
u s e d  w e r e  t he  USAARL T - 1  f u r n a c e ,  t he  p i g  c a r r i e r / s h u t t e r  m e c h a n i s m ,  
an ima l  a n d  s e n s o r  t e m p l a t e s ,  a n e s t h e t i z e d  p i g s ,  a n d  m i s c e l l a n e o u s  i n s t r u -  
m e n t a t i o n .  

In t h i s  e x p e r i m e n t ,  m a n y  a n i m a l s  w e r e  p r o c e s s e d  in  n e a r l y  i d e n t i c a l  
f a s h i o n .  T h e r e f o r e ,  e x p l a i n i n g  the  e x p e r i m e n t a l  p r o c e d u r e  for  one  an imal  
wi l l  r e n d e r  all t he  e s s e n t i a l  d e t a i l s .  T h e  e x p e r i m e n t a l  p r o c e d u r e  w a s  as 
fol lows:  

i .  Render animal unconscious with gaseous anesthesia 
prior to experiment. 

2. Remove hair from candidate exposure sites. 
3. Place animal on pig carrier/shutter and transport to 

and onto the T-1 furnace. 
4. Deliver measured heat load to exposure sites. 
5. Repeat Step #4 one to three times depending upon 

protocol of particular experiment. Different sites 
on t h e  an ima l  w e r e  u s e d  for  e a c h  e x p o s u r e .  . 

6. T r a n s p o r t  an imal  to p h o t o g r a p h y  tab le ;  g r a d e  a n d  
p h o t o g r a p h  b u r n s .  " 

7. M e a s u r e  o u t p u t  f lux  of f u r n a c e  wi th  c a l o r i m e t e r s .  
8. R e t u r n . a n i m a l  to i ts  r u n .  
9. At 24 h o u r s  p o s t b u r n ,  g r a d e  a n d  p h o t o g r a p h  b u r n s :  

10. T a k e  h i s t o p a t h o l o g i c a l  t i s s u e  s a m p l e s .  

T h e  r e s u l t s  of  t h e s e  e x p e r i m e n t s  t h u s  o b t a i n e d  w e r e  p l a c e d  on c o m p u t e r  
r e c o r d s  and  u s e d  to t e s t  t he  B u r n  P r e d i c t i o n  Model  ( T a k a t a ,  R o u s e ,  S t a n l e y  
1973) (Knox 1979).  , ,  

P h y s i c a l  E x p e r i m e n t s  

A s i d e  f rom t h e  e x p e r i m e n t s  d e s i g n e d  to s t u d y  t h e r m a l  b u r n s  d i r e c t l y ,  
t h e r e  w e r e  f ive  o t h e r  e x p e r i m e n t s  w h i c h ,  b y  c o n v e n t i o n ,  we  h a v e  t e r m e d  
p h y s i c a l  e x p e r i m e n t s .  A g a i n ,  the  o r d e r  in w h i c h  t h e y  a r e  d i s c u s s e d  is not  
n e c e s s a r i l y  t he  o r d e r  in w h i c h  t h e y  w e r e  p e r f o r m e d .  
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T h e  o b j e c t i v e  of  t h e  f i r s t  p h y s i c a l  e x p e r i m e n t  w a s  to d e t e r m i n e  t h e  
f r a c t i o n  of i n c i d e n t  h e a t  f l u x  in  t h e  b i o l o g i c a l  e x p o s u r e  e x p e r i m e n t s  t h a t  
w a s  i n t e r c e p t e d  b y  h a i r  s t u b b l e .  T h i s  r e q u i r e d  two  t a s k s .  F i r s t ,  t h e  
l e n g t h ,  d i a m e t e r ,  a n d  n u m b e r  of t h e  h a i r s  p e r  u n i t  a r e a  w e r e  m e a s u r e d .  
T h e n ,  a m a t h e m a t i c a l  f u n c t i o n  to a c c o u n t  fo r  t h e  i n t e r c e p t e d  f l u x  in  t e r m s  
of  m e a s u r e d  q u a n t i t i e s  w a s  d e r i v e d .  See  T a k a t a ,  R o u s e ,  a n d  S t a n l e y  
(1973) fo r  d e t a i l s .  

T h e  s e c o n d  e x p e r i m e n t  w a s  c o n d u c t e d  to e v a l u a t e  t h e  u n i f o r m i t y  of  t h e  
h e a t  f l u x ,  b o t h  to t a l  a n d  r a d i a t i v e ,  a p p e a r i n g  at e a c h  of  t h e  a n i m a l  t e m p l a t e  
h o l e s .  T h e  e q u i p m e n t  u s e d  w a s  a Hy Cal  c a l o r i m e t e r ,  a Hy Cal  R a d i O m e t e r ,  
a d i f f e r e n t i a l  a m p l i f i e r ,  (NLS) Mode l  XL2 d i g i t a l  v o l t m e t e r ,  a Mode l  800 
N e w p o r t  d i g i t a l  p r i n t e r ,  t h e  USAARL T - 1  f u r n a c e ,  an  a n i m a l  t e m p l a t e ,  a n d  
t h e  p i g  c a r r i e r / s h u t t e r  a s s e m b l y .  

T h e  p r o c e d u r e  w a s  as  fo l lows :  

1. Al low t h e  T - 1  f u r n a c e  to s t a b i l i z e  at  t h e  d e s i r e d  f l u x  
o u t p u t .  

2. P l a c e  a n  a n i m a l  t e m p l a t e  on  t h e  p i g  c a r r i e r / s h u t t e r  
a s s e m b l y  a n d  p o s i t i o n  b o t h  o v e r  t h e  T - 1  f u r n a c e .  

3. A c t i v a t e  t h e  d i g i t a l  p r i n t e r  w h i c h  r e c o r d s  t h e  s c a l e d  
o u t p u t  of  t h e  Hy Cal  c a l o r i m e t e r .  

4.  A c t i v a t e  t h e  s h u t t e r  a l l o w i n g  t h e  f u r n a c e  h e a t  f l u x  
to a p p e a r  at  t h e  t e m p l a t e  h o l e s .  

5. I n s e r t  t h e  c a l o r i m e t e r  in to  e a c h  of t h e  t e m p l a t e  h o l e s  
fo r  15 s e c o n d s .  

6. R e p e a t  s t e p s  3, 4 ,  a n d  5 u s i n g  t h e  Hy Cal  R a d i o m e t e r  
c o n n e c t e d  i n  p l a c e  of t h e  c a l o r i m e t e r .  

7. C h a n g e  t h e  T - 1  f u r n a c e  a d j u s t m e n t s  to p r o d u c e  a 
n e w  d e s i r e d  o u t p u t .  

8. R e p e a t  s t e p s  1 t h r o u g h  7. 

T h e  r e s u l t  of t h i s  e x p e r i m e n t  w a s  a to ta l  a n d  a r a d i a t i v e  h e a t  f l u x  d i s t r i b u -  
t i on  fo r  e a c h  of  t h e  a n i m a l  t e m p l a t e  h o l e s  fo r  d i f f e r e n t  f u r n a c e  s e t t i n g s  s h o w n  
i n  T a b l e  1 (p .  38) .  

T h e  o b j e c t i v e  of  t h e  t h i r d  p h y s i c a l  e x p e r i m e n t  w a s  to  c o r r e l a t e  t h e  r e -  
s p o n s e s  of a Hy Cal  c a l o r i m e t e r  w i t h  t h o s e  of t h e  IITRI s l u g  c a l o r i m e t e r .  
T h e  e q u i p m e n t  u s e d  w a s  a Hy Cal  c a l o r i m e t e r ,  t h e  I ITRI s l u g  c a l o r i m e t e r ,  
t h e  e l e c t r o n i c  i n s t r u m e n t a t i o n  a s s o c i a t e d  w i t h  e a c h  s e n s o r ,  t h e  s e n s o r  
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t e m p l a t e ,  t h e  p i g  c a r r i e r / s h u t t e r  m e c h a n i s m ,  a n d  t h e  USAARL T - 1  f u r n a c e .  
T h e  e x p e r i m e n t a l  p r o c e d u r e  w a s  as  fo l lows :  

1. Al low t h e  T - 1  f u r n a c e  to s t a b i l i z e  at t h e  d e s i r e d  o u t p u t .  
2. P l a c e  one  of t h e  c a l o r i m e t e r s  in  ho l e  #5 a n d  t h e  o t h e r  

i n  h o l e  #2 of  t h e  s e n s o r  t e m p l a t e ,  F i g u r e  10 (p .  36);  
p l a c e  t h e  t e m p l a t e  on  t h e  p i g  c a r r i e r / s h u t t e r ;  a n d  p l a c e  
b o t h  a top  t h e  f u r n a c e .  C o n n e c t  t h e  c a l o r i m e t e r  to i t s  
i n s t r u m e n t a t i o n .  

3. A c t u a t e  t h e  s h u t t e r ,  t h e r e b y  e x p o s i n g  t h e  c a l o r i m e t e r  
to t h e  f u r n a c e  o u t p u t .  

4. R e c o r d  t h e  c a l o r i m e t e r  r e s p o n s e .  
5. S w i t c h  c a l o r i m e t e r s .  
6. R e p e a t  s t e p s  3, 4,  a n d  5 s e v e r a l  t i m e s .  

At t h e  c o n c l u s i o n  of  t h i s  e x p e r i m e n t ,  a r e l a t i o n s h i p  b e t w e e n  t h e  r e s p o n s e s  of  
t h e  t w o  c a l o r i m e t e r s  w a s  d e t e r m i n e d .  It i s  p r e s e n t e d  in  S e c t i o n  3 .9  of T a k a t a ,  
R o u s e ,  a n d  S t a n l e y  (1973) .  

F a b r i c  R e s e a r c h  Lab (FRL) a n d  A e r o t h e r m  s e n s o r s  a r e  u s e d  to a s s e s s  
h e a t  t r a n s f e r  t h r o u g h  f a b r i c s .  S i n c e  t h e  a c c u r a c y  of  e i t h e r  t h e  FRL o r  A e r o -  
t h e r m  s e n s o r  i s  d e t e r m i n e d  b y  t h e  p l a c e m e n t  of i t s  i n t e r n a l  t h e r m o c o u p l e ,  
e s t a b l i s h i n g  t h e  r e p r o d u c i b i l i t y  f r o m  s e n s o r  to s e n s o r  w a s  t h e  o b j e c t i v e  of  
t h e  f o u r t h  p h y s i c a l  e x p e r i m e n t .  

T h e  m a t e r i a l s  i n c l u d e d  s e v e r a l  FRL a n d  A e r o t h e r m  s e n s o r s ,  t h e  s e n s o r  
t e m p l a t e ,  t h e  USAARL T - 1  f u r n a c e ,  a n d  m i s c e l l a n e o u s  i n s t r u m e n t a t i o n .  T h e  
USAARL T - 1  f u r n a c e  w a s  m o d i f i e d  b y  p l a c i n g  a s h e e t  of  12 .7  mm s t e e l  b o i l e r  
p l a t e  in  T e s t  A r e a  1, F i g u r e  1 (p .  32 ) .  T h u s ,  t h e  f u r n a c e  h a d ' a  1- foot  
s q u a r e  p o r t  w h i c h  h a d  an  e x t r e m e l y  u n i f o r m  t e m p e r a t u r e  d i s t r i b u t i o n .  T h e  
p i g  c a r r i e r / s h u t t e r  m e c h a n i s m  w i t h  t h e  s e n s o r  t e m p l a t e  w a s  p l a c e d  o v e r  t h e  
f u r n a c e .  S e v e r a l  s e n s o r s  of  b o t h  t y p e s  w e r e  p l a c e d  in  t h e  t e m p l a t e  h o l e s  
a n d  e x p o s e d  r e p e a t e d l y  to t h e  r a d i a t i o n  f r o m  t h e  ho t  b o i l e r  p l a t e .  By t h i s  
m e t h o d ,  t h e  r e p r o d u c i b i l i t y  of  t h e s e  s e n s o r s  w a s  e s t a b l i s h e d .  T h e  a n a l y s i s  
of  t h e  e x p e r i m e n t a l  r e s u l t s  c an  b e  f o u n d  in  S e c t i o n s  5 . 2 ,  5 . 3 ,  a n d  5 .4  of  
T a k a t a ,  R o u s e ,  a n d  S t a n l e y  (1973) .  

As previously mentioned in the section oh the Shutter System, the pig 
carrier/shutter mechanism had four different systems which propelled the 
shutter. Since each system was quite different in performance, an experi- 
ment was undertaken to document the shutter's responses. The equipment 
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for th is  expe r imen t  i n c l u d e d  a t e l ev i s ion  camera  and r e c o r d e r , *  the  p ig  
c a r r i e r / s h u t t e r  mechan i sm wi th  each  of i ts  ac tuat ion  s y s t e m s ,  and the 
assoc ia ted  cont ro l  equ ipmen t .  

The p r o c e d u r e  for eva lua t i ng  shu t t e r  pe r fo rmance  was  s imple .  Each 
time the  p r o p u l s i o n  sys tem of the shu t t e r  c h a n g e d ,  its p e r f o r m a n c e  was  
d o c u m e n t e d .  This  was  done by  pu t t ing  t iming m a r k s  on the shu t t e r  and 
r e c o r d i n g  its o p e n i n g  and  c los ing  cyc le s  wi th  the t e l ev i s ion  equ ipmen t .  
Us ing  the  s ing le  f rame r e p l a y  fea tu re  of the  r e c o r d e r ,  the USAARL staff 
v i e w e d  the  shu t t e r  movements  as a s e r i e s  of st i l l  "pho tog raphs"  s epa ra t ed  
in  t ime b y  33.34 mi l l i s econds .  From these  da ta ,  the d i sp lacemen t  g r a p h s  
shown in F i g u r e s  5, 6, 7, and 8 (pp.  34 & 35) and  the e x p o s u r e  c o r r e c t i o n s ,  
Table 1 (p.  39),  w e r e  g e n e r a t e d .  

DATA SAMPLE 

As ment ioned  in v a r i o u s  o ther  pa r t s  of th is  r e p o r t ,  all the  expe r imen ta l  
data w e r e  even tua l l y  s to red  as d ig i ta l  r e c o r d s  on magne t ic  tape and on d i s k .  
Such s to rage  faci l i ta tes  r e t r i e v a l  and  manipu la t ion  for model  b u i l d i n g .  An 
example  of one such  r e t r i e v a l  and l i s t i ng  is the set  of data  t ab l e s ,  TABLES 
J -1  t h r o u g h  J -68 ,  found in Append ix  J of Taka ta ,  Rouse ,  and Stanley  (1973). 
Table 5 (p. 41) is p r e s e n t e d  h e r e  as typ ica l  of Tables  J -1  t h r o u g h  J -68 .  In 
this  t ab le ,  the  f i rs t  four  en t r i e s  w e r e  data  r e c o r d e d  at the t ime of e x p e r i m e n -  
ta t ion,  whi le  the la t te r  five i tems w e r e  r e c o r d e d  af ter  l abo ra to ry  eva lua t ion  
of samples  was  comple te .  Obv ious ly ,  more  informat ion  than  that  w h i c h  is 
d i s p l a y e d  h e r e  was  s to red .  Also ,  many  o ther  poss ib i l i t i e s  of o rgan iza t ion  
and  d i sp l ay  ex is t .  T h i s  l i s t ing  is not v i e w e d  as the final b a s e .  

DISCUSSION 

In this  sec t ion ,  each  major  a r ea  of the p ro jec t  wi l l  be  d i s c u s s e d  in o r d e r  
to b r i n g  t oge the r  the  accompl i shments  and p rob lems  e n c o u n t e r e d .  S ince  
Taka ta ,  Rouse ,  and  Stanley  (1973) and  Knox (1979) a r e  devo ted  to data  
ana ly s i s  and model  d e v e l o p m e n t ,  the  p r e s e n t  d i s c u s s i o n  c e n t e r s  not on ex-  
pe r imen ta l  r e s u l t s  bu t  on expe r imen t a l  me thods .  

* Sony-Mat~ic Por table  V i d e o c o r d e r ,  Sony E lec t ron ic s  C o r p . ,  J a p a n .  
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FURNACE 

As a fire source we chose to duplicate the NASA Ames T-3 furnace. 
This furnace provides high thermal radiation levels characteristic of large 
postcrash fires coupled with some degree of convective heating. 

The latter is associated with the combustion of JP-4 and resultant 
movement of hot gases into contact with the test specimen. The flame front 
is relatively uniform being no worse than +11% at low heat flux levels and 
+3% at high heat flux levels. It is apparent after discussions with the orig- 
inal designer, Richard Fish, that better control of the furnace could be 
effected by controlling the air input. As used in these studies, however, 
the furnace heat flux output had to be measured during each test in order 
to insure that thermal input to the test subject (pig or sensor) Was known. 

SHUTTER 

The duration of thermal exposures was controlled by a water cooled 
shutter. The shutter propulsion system went through three variations be- 
fore the fourth and final design was built. Each version was an improvement 
on the preceding systems. The final version could be improved still further 
by lightening the shutter and eliminating much of the sliding friction. Much 

of the opening and closing asymmetry could be eliminated by doing away with 

the 3.8 cm overlap which allows the shutter to reach higher velocity when it 
opens the holes than when it closes the holes. 

The lift mechanism on the pig carrier could be improved to facilitate 

positioning the carrier over the furnace; likewise, tracks would facilitate 

rolling the carrier into position. These changes would not effect the data 

but might reduce some manpower requirements. 

TEMPLATES 

Templates were used to circumscribe burn sites on the pigs and to hold 
the sensors. The only major problems with the templates involved the need 
to make them thinner in order to reduce the shading and more durable in 
order to reduce thermal and mechanical breakage. The need for two sheets 
of transite could be eliminated by using a different material with better 
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m e c h a n i c a l  a n d  t h e r m a l  c h a r a c t e r i s t i c s .  T h e  l e a t h e r  i n s u l a t i o n  c o u l d  b e  
e l i m i n a t e d  if  t h e  t e m p l a t e  h a d  b e t t e r  i n s u l a t i n g  p r o p e r t i e s .  T h e  t e m p l a t e s  
c o u l d  b e  w a t e r  o r  a i r  c o o l e d ,  b u t  s h o u l d  n o t  b e  c o o l e d  to t h e  p o i n t  w h e r e  
t h e y  p u l l  h e a t  a w a y  f r o m  t h e  t i s s u e  s u r r o u n d i n g  a b u r n  s i t e .  T h e  t e m p l a t e s  
w e r e  a d e q u a t e  b u t  s h o u l d  b e  r e d e s i g n e d  in  f u t u r e  ~ s t u d i e s .  

DATA ACQUISITION SYSTEM (DAS) 

T h e  DAS w a s  d e s i g n e d  to p r e s e r v e  as  m u c h  i n f o r m a t i o n  as  p o s s i b l e  i n  a 
f o r m  s u i t a b l e  to c o m p u t e  a n a l y s i s .  U n f o r t u n a t e l y ,  t h e  s low s a m p l i n g  r a t e  of 
t h e  Dig i t a l  V o l t m e t e r / P r i n t e r  u s e d  to g e n e r a t e  t h e  n u m b e r s  w h i c h  f o r m e d  t h e  
h a n d - r e c o r d e d  h e a t  f l u x  r e c o r d s  r a i s e s  t h e  q u e s t i o n  of  a c c u r a c y .  S i n c e  t h e  
h e a t  f l u x  f l u c t u a t e d  -+5 - 10% as  s e e n  f r o m  s t r i p  c h a r t  r e c o r d s ,  t h e  h a n d -  
r e c o r d e d  h e a t  f l u x  d a t a  a r e  no  b e t t e r  t h a n  +10%. T h e  a n a l o g  r e c o r d s  w h i c h  
w e r e  d i g i t i z e d  at  100 s a m p l e s  p e r  s e c o n d  a n d  s t o r e d  on  d i g i t a l  m a g n e t i c  
t a p e  w i l l  a l low fo r  b e t t e r  d a t a  r e d u c t i o n  i n c l u d i n g  a n a l y s e s  of s e n s o r  d y -  
n a m i c s  a n d  f u r n a c e  f l u c t u a t i o n s .  T h e s e  r e c o r d s  w i l l  b e  a n a l y z e d  a n d  r e -  
p o r t e d  in  a f u t u r e  r e p o r t .  

ANIMAL PROCEDURES 

T h e  a n i m a l  p r o c e d u r e s  a r e  a d e q u a t e l y  r e f i n e d .  E a r l y  in  t h e  p r o j e c t  
12 a n i m a l s  g a v e  e v i d e n c e  of  h a v i n g  m a l i g n a n t  h y p e r t h e r m i a  (MH).  P r o c e -  
d u r e s  w e r e  d e v e l o p e d  for  m a n a g i n g  a n i m a l s  w i t h - M H ;  t h e s e  p r o c e d u r e s  
wi l l  b e  d i s c u s s e d  in  a s e p a r a t e  r e p o r t .  

With c o r r e c t i o n s  for  i n t e r c e p t i o n  of  r a d i a t i o n  b y  p i g  h a i r  of k n o w n  
l e n g t h ,  d i a m e t e r ,  a n d  d e n s i t y ,  i t  w a s  p o s s i b l e  to c l ip  t h e  p i g s  j u s t  p r i o r  
to t h e r m a l  e x p o s u r e .  C l i p p i n g  l e a v e s  m o r e  s t u b b l e  t h a n  d e p i l a t i o n  o r  
s h a v i n g ,  b u t  w a s  f o u n d  to b e  t h e  b e s t  o v e r a l l  t e c h n i q u e  for  h a i r  r e m o v a l  
(Wach te l ,  M c C a h a n ,  K n o x  1977) .  

D o c u m e n t a t i o n  p h o t o g r a p h y  is  a v a l u a b l e  a d j u n c t  to t h e  g r o s s  b u r n  
g r a d e  as  a m e a n s  of  p r e s e r v i n g  e v i d e n c e  of  b u r n  s e v e r i t y .  P h o t o g r a p h i c  
t e c h n i q u e s  i n c l u d i n g  s t a n d a r d i z a t i o n  of  l i g h t i n g ,  f o r m a t ,  a n d  f o c u s  w e r e  
i m p r o v e d  o v e r  p r e v i o u s  s t u d i e s .  F u t u r e  s t u d i e s ,  h o w e v e r ,  w i l l  r e q u i r e  
f u r t h e r  r e f i n e m e n t  i n  o r d e r  to  p r o d u c e  c o n s i s t e n t l y  a c c e p t a b l e  r e s u l t s .  Al l  
p h o t o s  a r e  m a i n t a i n e d  o n  f i le  so  t h a t  g r o s s  b u r n  g r a d e s  w h i c h  a p p e a r  ou t  of  
l i n e  c a n  b e  c h e c k e d .  
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HISTOPATHOLOGY 

H e r e  aga in  t he  p r o c e d u r e s  a r e  we l l  d e f i n e d  a n d  p r o d u c e  c o n s i s t e n t  r e -  
s u l t s .  T h e  few i n c o n s i s t e n c i e s  tha t  e x i s t  d e r i v e  f rom the  d i f f i cu ! t y  in c u t t i n g  
good s e c t i o n s  f rom t h e  m o r e  s e v e r e l y  d a m a g e d  t i s s u e ,  v a r i a t i o n s  of b u r n  
s e v e r i t y  w i t h i n  t he  t i s s u e  s p e c i m e n ,  a n d  t h e r m a l  s h r i n k a g e  c a u s e d  b y  b u r n -  
i n g .  T h e  p r o b l e m  of t h e r m a l  s h r i n k a g e  m a y  b e  a ma jo r  c a u s e  for  t he  s c a t t e r  
of t he  da t a  and  cou ld  be  c o r r e c t e d  for  b y  m a k i n g  an  a d d i t i o n a l  d e p t h  m e a -  
s u r e m e n t .  T h e  s l i d e s  m a d e  f rom t i s s u e  s a m p l e s  wi l l  be  r e r e a d  to d e t e r m i n e  
the  e x t e n t  of s h r i n k a g e  a n d  the  i n f l u e n c e  of s h r i n k a g e  on  the  b u r n  d e p t h .  
The  r e s u l t s  a r e  r e p o r t e d  in Knox (1979) and  Knox and  Noek ton  (1977).  

EXPERIMENTS 

T h e r e  w e r e  m a n y  d i f f e r e n t  e x p e r i m e n t s  c o n d u c t e d  d u r i n g  t h i s  p r o j e c t  
(See E x p e r i m e n t ,  p .  18) .  T h e  r e s u l t s  of m a n y  of t h e s e  s t u d i e s  a r e  a n a l y z e d  

a n d  d i s c u s s e d  in  T a k a t a ,  R o u s e ,  a n d  S t a n l e y  (1973) a n d  in Knox (1979) .  

DATA 

Some of t he  d a t a  a r e  p r e s e n t e d  in Append ix -  J of T a k a t a ,  R o u s e ,  a n d  
S t a n l e y  (1973).  T h e s e  da t a  c on t a in  b i a s  a n d  e r r o r  s u c h  as t h e  e f fec t  of 
t h e r m a l  s h r i n k a g e  on b u r n  d e p t h  a n d  i n a c c u r a c i e s  in h e a t  f l ux  m e a s u r e m e n t s  
d u e  to s low s a m p l i n g  r a t e .  For  th i s  r e a s o n  the  r e a d e r  is  c a u t i o n e d  a g a i n s t  
u s i n g  the  da t a  d i r e c t l y  for  m o d e l i n g .  It is e x p e c t e d  tha t  w h e n  the  b i a s e s  a r e  
q u a n t i f i e d ,  it wi l l  be  p o s s i b l e  to g e n e r a t e  t a b l e s  of c o r r e c t e d  da t a  w h i c h  
wi l l  m o r e  a c c u r a t e l y  r e f l e c t  w h a t  r e a l l y  o c c u r r e d .  T h e s e  da ta  wil l  be  p u b -  
l i s h e d  in  a f u t u r e  r e p o r t .  

SUMMARY 

A t h e r m a l  s o u r c e ,  USAARL T-1  f u r n a c e ,  was  bu i l t  and  c a l i b r a t e d .  Th i s  
s o u r c e  r e a s o n a b l y  d u p l i c a t e s  t he  t h e r m a l  p r o p e r t i e s  of a p o s t c r a s h  J P - 4  f i r e .  
It was  u s e d  to s u b j e c t  p i g s  a n d  p h y s i c a l  s e n s o r s  to s i m u l a t e d  p o s t c r a s h  f i r e  
c o n d i t i o n s .  T h e  r e s u l t a n t  b u r n s  w e r e  g r a d e d  on b o t h  g r o s s  ( c l i n i ca l )  and  
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m i c r o s c o p i c  l e v e l s .  The  s e n s o r  o u t p u t s  w e r e  r e c o r d e d  on bo th  h a n d w r i t t e n  
r e c o r d s  and  on ana log  (FM) m a g n e t i c  t ape  for  s u b s e q u e n t  c o r r e c t i o n  of 
t e m p e r a t u r e s  o r  hea t  f l uxes  as a p p r o p r i a t e .  The  s e n s o r s  i n c l u d e d  a s l u g  
c a l o r i m e t e r ,  a Hy Cal c a l o r i m e t e r ,  FRL sk in  s i m u l a n t s  and  A e r o t h e r m  hea t  
f lux s e n s o r s .  Both p i g s  and  s e n s o r s  w e r e  t e s t e d  u n d e r  a v a r i e t y  of c o n d i -  
t ions  i n c l u d i n g  n a t u r a l  and  b l a c k e n e d  s u r f a c e s ,  p r o t e c t e d  and  u n p r o t e c t e d  
by  f a b r i c s ,  and  v a r i o u s  c o m b i n a t i o n s  of hea t  f lux  and  e x p o s u r e  t i m e s .  

The  bas i c  e q u i p m e n t  and  m e t h o d o l o g i e s  w e r e  p r e s e n t e d  in th i s  v o l u m e  
whi le  p r e l i m i n a r y  r e s u l t s  and  a n a l y s e s  a re  p r e s e n t e d  in T a k a t a ,  R o u s e ,  
a nd  S tan ley  (1973 ) .  

A s imu la t ed  p o s t c r a s h ,  J P - 4 ,  f i re  i n v o l v i n g  an i n s t r u m e n t e d  UH-1 h u l k  
was  c o n d u c t e d  and  d o c u m e n t e d  in USAARL Let te r  R e p o r t  No. 73 -6 -3 -2 .  

CONCLUSIONS 

The  e q u i p m e n t  and  e x p e r i m e n t a l  p r o c e d u r e s  d e v e l o p e d  d u r i n g  t h i s  
s t u d y  have  b e e n  s u c c e s s f u l l y  u t i l i zed  to g a t h e r  da ta  w h i c h  wi l l  al low con -  
v e r s i o n  of the  o u t p u t  f rom nonb io log iea l  hea t  f lux  s e n s o r s  into p r e d i c t i o n s  
of the  d e p t h  of i r r e v e r s i b l e  d a m a g e  to sk in  that  w o u l d  h a v e  o c c u r r e d  u n d e r  
s imi la r  t h e r m a l  e x p o s u r e .  
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FIGURE I. 
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Cross-Section Drawing of USAARL T-I Furnace. 

FIGURE 2. USAARL T-I Furnace Facility and Pig 
Carrier/Shutter System. 

32 



FIGURE 3. Cutaway Drawing of USAARL T-1 Furnace /Shut ter  
System Showing: A) Oil Burner;  B) Water-Cooled Shutter; 
C) Pneumatic Shutter Propuls ion Mechanics;  and D) Connectors  
for Instrumentat ion.  
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FIGURE 4. Relationship of Total Heat Flux  Versus  Fuel  Flow For 
USAARL T-1 Furnace .  
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FIGURE 11. Data Flow 

FIGURE 12. A n e s t h e t i z e d  P i g  on  S h u t t e r / C a r r i e r  B e i n g  M o n i t o r e d  

b y  G. R .  M e C a h a n ,  D .V . M . ,  J u s t  P r i o r  to E x p o s u r e  to S i m u l a t e d  
P o s t c r a s h  F i r e .  ( O r i g i n a l l y  U s e d  In:  K n o x ,  F .  S .  III ,  M c C a h a n ,  
G. R., J r . ,  andWachtel, T. L. 1974. Aerospace Medicine. 45(8): 
933-938 .) 
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TABLE 1 

PERFORMANCE OF USAARL T-1 FURNACE 

F u e l -  J P - 4  

T o t a l  H e a t  F l u x ,  Q ( A r e a  1) 0 . 5  to  3 . 6  c a l / c m  ~ - S e c  _+ 3% 

W a l l  T e m p e r a t u r e  9 6 7 - 2 4 5  ° F + 1 .0% 

H e a t  F l u x  a s  a f u n c t i o n  o f  t i m e  + 5 - i 0 ~  a t  1 - 2  H z  

Warm-up Time 30 min. 

Air/Fuel Ratio - Set "Rich" to produce a smokey fire: Air flow, 

air temperature, and humidity were not 

monitored. * 

MODE OF HEAT TRANSFER 

F u e l  F l o w  T o t a l  Q# R a d i a n t  Q# ~ R a d i a t i o n  

3 . 7 9  1 / h r  0 . 5 7  + 0 . 0 4  0 . 5 4  _+ 0 . 0 2  9 5 . 5  + 9 . 4  

7 . 1 9  1 / h r  2 . 3 2  + 0 . 1 1  2 . 2 3  + 0 . 0 6  9 6 . 5  + 3 . 8  

7 . 9 5  1 / h r  3 . 0 7  + 0 . 0 7  2 . 0 7  + 0 . 1 2  6 7 . 2  + 3 . 6  

UNIFORMITY OF FLAME FRONT 

F u e l  F l o w  T o t a l  F l u x t  

3 . 7 9  1 / h r  0 . 7 4  + 0 . 0 8  (+ 1 0 . 8 % )  

6 . 0 6  1 / h r  1 . 8 9  + 0 . 1 9  (+ 10 .0%)  

7 . 1 9  1 / h r  2 . 7 5  + 0 . 1 6  (+ 5 .8%)  

7 . 9 5  1 / h r  3 . 4 8  + 0 . 0 8  (+ 2 . 3 % )  

* A i r  t e m p e r a t u r e  a n d  h u m i d i t y  r e c o r d e d  t w i c e  d a i l y .  

# A v e r a g e  f o r  a l l  s i x  t e m p l a t e  h o l e s .  M e a n  + 1 S . D .  (+ ~)  

LEGENDS: c a l  - c a l o r i e s  

°F - d e g r e e s  F a h r e n h e i t  

h r  - h o u r  

m i n  - m i n u t e s  

s e a -  s e c o n d  
c m  2 - c e n t i m e t e r s  s q u a r e d  

1 - l i t e r  

H z  - H e r t z  

S . D .  - S t a n d a r d  D e v i a t i o n  
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TABLE 2 

CORRECTION TO EXPOSURE TIME BY TEMPLATE HOLE 
AND SHUTTER DRIVE MECHANISM 

(Time is in milliseconds. The "Leading" side is 
opened or closed first.) 

Hole Side 

6 

Single Double 50 Lb. 
Bungy  Bungy  Weight Pneumatic  

113 (-)  23 (-)143 (-)  3 
173 0 (-)133 (- )13 
227 23 (-)130 (-)22 

278 42 (-)132 (-)30 
333 63 (-)128 (-)33 
385 80 (-)128 (-)41 

426 93 (-)128 (-)48 
466 103 (-)127 (-)52 
506 113 (-)127 (-)57 

113 (-)  23 (-)143 (-)  3 
186 7 (-)127 (-)15 
246 32 (-)132 (-)27 

283 43 (-)133 (-)30 
333 63 (-)128 (-)33 
380 77 (-)128 (-)40 

408 87 (-)129 (-)44 
456 102 (-)127 (-)52 
506 113 (-)127 (-)57 

Leading 
Center  
Tra i l ing  

Leading 
Center  
Tra i l ing  

Leading 
Center  
Tra i l ing  

Leading 
Center  
Tra i l ing  

Leading 
Center  
Tra i l ing  

Leading 
Center  
Tra i l ing  

Time to Open 210 206 286 
All 6 Holes 

Time to Close 606 340 301 
All 6 H o l e s  

Asymmetry  188% 65% 5% 
Error  

196 

213 

9% 

39 



TABLE 3 

TEMPLATE HOLE SIZE FOR ANIMAL TEMPLATE 
(Shown in Figure 9, p. 36) 

Diameter of Holes in Inches 

Top Transite Bottom Transite 
Hole No. Leather Sheet Sheet Sheet 

1 1 9/16 1 9 /16 2 1/16 

2 2 2 2 1/2 

3 1 9 /16 1 9 /16  2 1/16 

4 2 2 2 1/2 

5 1 13/16 1 13/16 2 5/16 - 

6 2 2 1 1/2  

TABLE 4 

TEMPLATE HOLE SIZE FOR SENSOR TEMPLATE 
(Shown in Figure I0, p. 36) 

Hole No. 
Diameter of Holes In Inches 

Top Transite Sheet Bottom Transite Sheet 

1 1 9/16 2 1/16 

2 2 2 1/2 

3 1 9/16 2 1/16 

4 2 2 I/2 

5 1 13/16 2 5/16 

6 2 2 1/2 
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TABLE 5 

SAMPLE OF DATA DISPLAY FOUND IN TAKATA, ROUSE, & STANLEY "(1973) 
(Skin B u r n  Data With Fabr ic  = NF, and  Skin Condi t ion = 0; E x p o s u r e  Time Between 3.0 and  5.0 S e c . ,  I n c r e a s i n g  Flux)  

Pig 

247RF-2 
247RF-4 
247RF-6 

251RF-2 
251RF-6 

251RR-2 

251LF-2 
251LF-4 
251LF-5 

247LR-2 
247LR-4 
247LR-6 

245LF-2 
245LF-4 
245LF-6 

247RR-2 
247RR-4 
247RR-6 

246RR-2 
246RR-4 
246RR-6 

247LF-2 
247LF-4 
247LF-6 

E x p o s u r e  Init ial  Skin Wall Depth of Dermis  Ep ide rmis  
Time Flux T e m p e r a t u r e  T e m p e r a t u r e  Gross  Micro Burn t  T h i c k n e s s  
See Cal /Cm 2 See Deg .  C Deg.  C Exam Exam Cm ..... Cm 

4.09 2.20 35.8 953. 12 7 .092 .008 
12 8 .102 .006 
12 7 .112 .000 

4.13 2.24 36.9 825. I I  9 .144 .006 
i i  8 .112 .007 

4.13 2.24 36.9 843. 11 7 .084 .008 

4.00 2.24 36.2 813. 10 7 .112 .007 
11 9 .112 .007 
11 6 .045 .007 

4.00 2.34 35.2 954. 12 7 .104 .007 
12 8 .097 .008 
11 8 .099 .007 

4.13 2.34 35.3 866. 10 8 .133 .009 
12 7 .104 .007 
10 8 .112 .005 

4.09 2.38 35.8 969. 13 8 .094 .008 
969. 13 7 .064 .008 

13 7 .092 .007 

4.08 2.38 35.4 949. 12 7 .099 .006 
12 7 .087 .009 
14 7 .136 .008 

4.09 2.43 35.6 968. 13 7 .112 .011 
13 8 .117 .006 
11 8 .131 .007 

Dermis  
T h i c k n e s s  

Cm 

.211 

.201 

.223 

.248 

.206 

.231 

.260 

.223 

.226 

.186 

.223 

.000 

.260 

.223 

.216 

.188 

.198 

.280 

.246 

.223 

.265 

.243 

.186 

.211 



APPENDIX B 

TEMPLATE 

INTRODUCTION 

M u c h  of  t h e  e x p e r i m e n t a t i o n  in  t h i s  p r o j e c t  r e q u i r e d  t h e  u s e  of t h e  
USAARL T - 1  f u r n a c e  a n d  p i g  c a r r i e r  s h o w n  in  F i g u r e s  2 a n d  3 ( p p .  32 & 
33) .  In  a d d i t i o n ,  d u r i n g  t h e  f i r e  e x p o s u r e s ,  i t  w a s  n e c e s s a r y  to u s e  t h e  
t r a n s i t e  t e m p l a t e s  s h o w n  in  F i g u r e s  9 a n d  10 (p .  36) to p r o v i d e  a n i m a l s  
w i t h  t h e r m a l  i n s u l a t i o n  a n d  m e c h a n i c a l  s u p p o r t .  As  s u g g e s t e d  b y  F i g u r e s  
9 a n d  10, t h e r e  w e r e  two  d i f f e r e n t  "sets of  t e m p l a t e s ,  one  se t  u s e d  d u r i n g  
a n i m a l  e x p e r i m e n t a t i o n ,  a n d  t h e  o t h e r  se t  u s e d  o n l y  w i t h  h e a t  f l u x  s e n s o r s .  
Each  se t  h a d  s ix  h o l e s ,  b u t  w i t h  d i f f e r e n t  c e n t e r s  a n d  d i a m e t e r s  as  is  
s h o w n  b y  F i g u r e s  9 a n d  10. In al l  e x p e r i m e n t s ,  a s l u g  c a l o r i m e t e r  w a s  
s i t u a t e d  in  ho l e  #5 of t h e  t e m p l a t e  to m o n i t o r  f u r n a c e  o u t p u t .  

ANIMAL EXPERIMENTS 

w h e n e v e r  e x p e r i m e n t s  w e r e  p e r f o r m e d  w i t h  a n i m a l s ,  t h e  t e m p l a t e  
s h o w n  in  F i g u r e  9 (p .  36) w a s  u s e d .  T h e  t r a n s i t e  s h e e t s  p r o v i d e d  al l  t h e  
m e c h a n i c a l  s u p p o r t  a n d  m o s t  of t h e  t h e r m a l  i n s u l a t i o n  a f f o r d e d  t h e  p i g .  
T h e  l e a t h e r  s h e e t  f u r n i s h e d  p a d d i n g  a n d  a d d i t i o n a l  i n s u l a t i o n .  Hole  #5 of 
t h e  t e m p l a t e  w a s  u s e d  to h o l d  t h e  s l u g  c a l o r i m e t e r  d e s c r i b e d  in  T a k a t a ,  
R o u s e ,  a n d  S t a n l e y  (1973) ,  S e c t i o n  3 . 9 . 1 .  A d e t a i l e d  c r o s s - s e c t i o n  a p -  
p e a r s  in  F i g u r e  B-1A (p .  45 ) .  T a b l e  B-1  (p .  44) g i v e s  p e r t i n e n t  da t a  
c o n c e r n i n g  F i g u r e s  B-1A a n d  B-1B (p .  45 ) .  

There were two basic experimental arrangements. In one, the pig was 
exposed directly to the furnace heat. A detailed drawing of the cross-section 
of the burn site is found in Figure B-1B (p. 45). In this type experiment, 
template hole numbers 1, 2, 3, 4, and 6 resulted in burns, while hole 
number 5 housed the slug calorimeter. In the second type experiment, one 
or more layers of fabric were placed between the pig and fire. 

There were several different arrangements of fabrics. These are 
illustrated in cross-section in Figure B-2 (p. 47), while Table B-2 (p. 46) 
gives relevant information. In such experiments, there was always one 
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t empla te  hole w h i c h  r e m a i n e d  u n o b s t r u c t e d  to s e r v e  as a con t ro l .  In all  
e x p e r i m e n t s ,  hole #5 a lways  he ld  the  s lug  c a l o r i m e t e r .  

SENSOR EXPERIMENTS 

In addi t ion  to l ive  po rc ine  sk in ,  heat  f lux s e n s o r s  w e r e  also exposed  to 
the flames of the  USAARL T-1 f u r n a c e .  When this  was  d o n e ,  the t r a n s i t e  
t empla te ,  shown in F i g u r e  10 (p.  36),  was  u s e d  for s u p p o r t ,  pos i t i on ing ,  
and  t h e r m a l  i n su l a t i on .  The protocol  ca l led  for u s i n g  s e n s o r s  wi th  and  
wi thout  v a r i o u s  fabr ic  and f a b r i c - u n d e r w e a r  combina t ions .  F i g u r e s  B-3 
and  B-4 (pp.  49 & 51) wi th  Tables  B-3 and  B-4 (pp.  48 & 50) summar i ze  
the  s e n s o r / f a b r i c  l ayou t s .  
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TABLE B- 1 

EXPLANATION AND MEASUREMENTS OF FIGURES B-1A AND B-1B 

FIGURE B - 1 A  - C r o s s - s e c t i o n  o f  a n i m a l  t e m p l a t e  h o l e  n o .  5. 

s t r u c t e d  o f  l e a t h e r  a n d  t r a n s i t e  s h e e t s .  

S p e c i f i c a t i o n s :  

1.  L e a t h e r  s h e e t  t h i c k n e s s  - 3 / 3 2 "  

2. Trans i te  sheet  th ickness  - 1 / 4 "  

3. Hole diameter  in u p p e r  t rans i te  sheet - 1 13/16" 

4. Hole diameter  in lower t rans i te  sheet - 2 5/16" 

5. Calorimeter diameter  - 1 11/16" 

6. Calorimeter th ickness  - 3/16" 

Template con- 

FIGURE B - 1 B  - C r o s s - s e c t i o n  o f  a n i m a l  t e m p l a t e  h o l e  n u m b e r s  1, 2, 3, 4,  

and 6. Template constructed of lea ther  and t rans i te  sheets .  

Specifications: 

i .  Leather sheet th ickness  - 3/32" 

2. Trans i te  sheet th ickness  - 1/4" 

3. Hole diameter  in lea ther ,  hole nos.  1, 3 - 1 9/16" 

4. Hole diameter  in uppe r  t r ans i t e ,  hole nos. i ,  3 - 1 9/16" 

5. Hole diameter in lower t r ans i t e ,  hole nos.  1, 3 - 2 1/16" 

6. Hole diameter  in l ea ther ,  hole nos.  2, 4, 6 - 2" 

7. Hole diameter  in uppe r  t r ans i t e ,  hole nos.  2, 4, 6 - 2" 

8. Hole diameter  in lower t r ans i t e ,  hole n o s . ,  2, 4, 6 - 2 1/2" 
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FIGURE B - I A .  C r o s s - S e c t i o n  View of Animal  T e m p l a t e .  

i:i i! 
~,\\\\\\~ ~\\\\\\\\\\~ 
f / / / / / A  g i l l / l / I l l ,  It 

FIGURE B - l B .  C r o s s - S e c t i o n  View of Animal  T e m p l a t e .  
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TABLE B-2 

EXPLANATION AND MEASUREMENTS OF 
FIGURES B-2A, B-2B, B-2C, AND B-2D 

C r o s s - s e c t i o n  v i e w s  of an ima l  t e m p l a t e  ho le  n u m b e r s  1, 2, 3, 4, a n d  6. Hole 
n u m b e r  5 s h o w n ,  FIGURE B-1A.  

S p e c i f i c a t i o n s ,  a l l  ho les :  

1. L e a t h e r  s h e e t  t h i c k n e s s  - 3/32" 

2. Top transite sheet thickness - 1/4" 

3. Bottom transite sheet thickness - 1/4" 

Specifications, hole numbers 1 and 3: 

1. Hole diameter in leather sheet - 1 9/16" 

2. Hole diameter in top transite sheet - 1 9/16" 

3. Hole diameter in bottom transite sheet - 2 1/16" 

Specifications, hole numbers 2, 4, and 6: 

i.  Hole diameter in leather sheet 

2. Hole diameter in top transite sheet 

3. Hole diameter in bottom transite sheet 

- 2 "  

-- 2 " 

- 2 1 / 2 "  

FIGURE B-2A. Cross-section view of one layer of fabric contacting pig's 
skin. 

FIGURE B-2B. Cross-section view of two pieces of fabric contacting pig's 
skin. The piece of underwear is between the pig and thermal protective 
fabric. 

FIGURE B-2C. Cross-section view of one piece of fabric spaced away from 
pig by about 1/4 inch at the circumference. 

FIGURE B-2D. Cross-section view of two pieces of fabric, a thermal pro- 
tective outer fabric, and underwear contacting pig; outer material spaced 
as in FIGURE B-2C above. 
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TABLE B-3 

-EXPLANATION OF FIGURES B-3A, B-3B. B-3C, and B-3D 

F I G U R E  B - 3 A  - C r o s s - s e c t i o n  o f  s e n s o r  t e m p l a t e  h o l e  n o .  5 .  

1 .  S e n s o r  - s l u g  c a l o r i m e t e r  

2 .  H o l e  d i a m e t e r  t o p  t r a n s i t e  s h e e t  

3 .  H o l e  d i a m e t e r  b o t t o m  t r a n s i t e  s h e e t  

1 13/16" 

2 5/16" 

FIGURE B-3B - Cross-section of sensor template hole no. 2. 

i .  S e n s o r  - H y  C a l  c a l o r i m e t e r  

2 .  H o l e  d i a m e t e r  t o p  t r a n s i t e  s h e e t  

3 .  H o l e  d i a m e t e r  b o t t o m  t r a n s i t e  s h e e t  

1 1/16" 

1 9/16" 

F I G U R E  B - 3 C  - C r o s s - s e c t i o n  o f  s e n s o r  t e m p l a t e  h o l e  n o s .  1 ,  3 ,  4 ,  a n d  6.  

1 .  S e n s o r  - A e r o t h e r m  c a l o r i m e t e r  

2 .  H o l e  d i a m e t e r  i n  t r a n s i t e  s h e e t  - d e p e n d e n t  u p o n  p o s i t i o n  u s e d  

F I G U R E  B - 3 D  - C r o s s - s e c t i o n  o f  s e n s o r  t e m p l a t e  h o l e  n o s .  1 ,  3 ,  4 ,  a n d  6 .  

1 .  S e n s o r  - F a b r i c  R e s e a r c h  L a b o r a t o r y  c a l o r i m e t e r  

2 .  H o l e  d i a m e t e r  i n  t r a n s i t e  s h e e t  - d e p e n d e n t  u p o n  p o s i t i o n  u s e d  
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TABLE B-4 

EXPLANATION OF FIGURES B-4A, B-4B, B-4C, and B-4D 

C r o s s - s e c t i o n  of s e n s o r  t e m p l a t e  w h e n  u s e d  to e v a l u a t e  the  e f fec t  of f a b r i c  
on s e n s o r  p e r f o r m a n c e .  S e n s o r s  g u a r d e d  f rom f u r n a c e  hea t  b y  one  l a y e r  of 
t h e r m a l  p r o t e c t i v e  f a b r i c .  Hole d i a m e t e r  of  t r a n s i t e  s h e e t  d e p e n d e n t  u p o n  
pos i t i on  (See F i g .  9, P .  36) .  

FIGURE B-4A - C r o s s - s e c t i o n  v i e w  of A e r o t h e r m  c a l o r i m e t e r  w i t h  f a b r i c  
c o n t a c t i n g  s u r f a c e  c o m p l e t e l y .  

FIGURE B-4B - C r o s s - s e c t i o n  v i e w  of F a b r i c  R e s e a r c h  L a b o r a t o r y  c a l o r i m e t e r  
with fabric contacting surface completely. 

FIGURE B-4C. Cross-section view of Aerotherm calorimeter with fabric 
spaced away. 

FIGURE B-4D. Cross-section view of Fabric Research Laboratory calorimeter 
with fabric spaced away. 
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APPENDIX C 

DATA ACQUISITION SYSTEM 

INTRODUCTION 

Block diagrams of the data acquisition and control system are shown 
in Figures C-1 through C-9 (pp. 57-60). As shown in Figure C-1 (p. 57), 
the instrumentation can be divided into three functional subsystems: 

1. Digital data acquisition 

2. Analog data acquisition 

3. Da ta  i n p u t  a n d  s h u t t e r  c o n t r o l  s u b s y s t e m  

EQUIPMENT 

Aside from the instruments listed below, all instrumentation including 
the calibrator, exposure timer, and sequence controller were designed and 
fabricated at USAARL. The pneumatic shutter control system was designed 
and fabricated under USAARL contract at IITRI. 

SENSORS 

• Wall temperature thermocouple, 3/4" x 1 1/2" x 1/8" steel plate 
with chromel-alumel leads 

® Omega chromel alumel .015" thermocouples 

• O m e g a  c o p p e r  c o n s t a n t a n  . 005" i n t r a d e r m a l  t h e r m o c o u p l e s  

* S k i n  t e m p e r a t u r e  t h e r m o c o u p l e ,  s t y r o f o a m  i n s u l a t e d  c o p p e r -  
c o n s t a n t a n  foi l  

° Hy Cal calorimeter model C1300-A-072 
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• Hy Cal r a d i o m e t e r  mode l  R-8002-B15-072  

• 1 3/4"  d i a m e t e r  x 3/16" a l u m i n u m  s l u g  c a l o r i m e t e r  

• C a l o r i m e t e r s  m a n u f a c t u r e d  b y  A e r o t h e r m  C o r p o r a t i o n  a n d  
F a b r i c  R e s e a r c h  L a b o r a t o r i e s  

OTHER HARDWARE 

• S a nga mo  Model  3600 m a g n e t i c  t ape  r e c o r d e r / r e p r o d u c e r  

• N e w p o r t  Model  800 d ig i t a l  t ape  p r i n t e r  

• B r u s h  (Gould)  Model  481 a n a l o g  s t r i p  c h a r t  r e c o r d e r  

• N e w p o r t  Model  2600 d ig i t a l  t h e r m o c o u p l e  i n d i c a t o r  

• H e w l e t t - P a c k a r d  5326B t i m e r / c o u n t e r / D V M  

• Wave tek  Model  115 f u n c t i o n  g e n e r a t o r  

• Kay Model  170 ice  poin t  r e f e r e n c e  

• N o n l i n e a r  S y s t e m s  s e r i e s  XL-2 d ig i t a l  m u l t i f u n c t i o n  m e t e r  

DIGITAL DATA ACQUISITION 

T h e  fo l lowing  d a t a  a p p e a r  in d ig i t a l  form: 

• F u r n a c e  wal l  t e m p e r a t u r e  

• Hy Cal c a l o r i m e t e r  o u t p u t  v o l t a g e  

• T e m p e r a t u r e  of s l u g  c a l o r i m e t e r  

• Sk in  t e m p e r a t u r e  

In e s s e n c e ,  t h e  a b o v e  d ig i t a l  d a t a  p r o v i d e  r e a l  t ime  i n f o r m a t i o n  on  a v a i l -  
able  hea t  o u t p u t  f rom the  f u r n a c e  a n d  an  i n d i c a t i o n  of in i t i a l  p i g s k i n  t e m p e r a -  
t u r e .  
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T h e  d i g i t a l  d a t a  a c q u i s i t i o n  s y s t e m  is  s h o w n  in F i g u r e  C-2  (p .  57) .  
An  a m p l i f i e d  s i g n a l  f r o m  e i t h e r  t h e  Hy Cal c a l o r i m e t e r  (hea t  f l u x  f rom f i r e  
s o u r c e )  o r  a c o p p e r - c o n s t a n t a n  t h e r m o c o u p l e  ( p i g s k i n  t e m p e r a t u r e )  w a s  
m o n i t o r e d  on  a d i g i t a l  v o l t m e t e r  to t h e  n e a r e s t  .01 m i l l i v o l t .  T h e  o p e r a -  
t i ona l  a m p l i f i e r  i s  n o m i n a l l y  se t  fo r  a g a i n  of  1 x 103 . 

F u r n a c e  wa l l  t e m p e r a t u r e  w a s  s e n s e d  w i t h  a c h r o m e l - a l u m e l  t h e r m o -  
c o u p l e  a n d  r e a d  d i r e c t l y  o n  t h e  N e w p o r t  Mode l  2600 d i g i t a l  t h e r m o c o u p l e  
i n d i c a t o r .  An  ice  p o i n t  r e f e r e n c e  i s  i n c o r p o r a t e d  in t h e  i n s t r u m e n t .  S o u r c e  
h e a t  f l ux  w a s  s e n s e d  b y  s s l u g  c a l o r i m e t e r  a n d  r e c o r d e d  b y  t h e  d i g i t a l  
t h e r m o c o u p l e  i n d i c a t o r  s y s t e m .  

A d i g i t a l  p r i n t o u t  fo r  b o t h  s i g n a l s  w a s  p r o v i d e d  on  t h e  N e w p o r t  800 d a t a  
p r i n t e r .  

ANALOG DATA ACQUISITION 

O u t p u t  v o l t a g e s  f rom s k i n  s i m u l a n t s  a n d  t h e r m o c o u p l e s  w e r e  r e c o r d e d  
as  a n a l o g  d a t a  on  t h e  S a n g a m o  3600 t a p e  r e c o r d e r  fo r  s u b s e q u e n t  a n a l o g  to 
d i g i t a l  c o n v e r s i o n .  A b l o c k  d i a g r a m  of  an  a n a l o g  d a t a  a c q u i s i t i o n  s y s t e m  
is s h o w n  in  F i g u r e  C-3  (p .  58 ) .  K n o w n  EMF's  w e r e  i n t r o d u c e d  at t h e  i n -  
p u t  of  e a c h  a m p l i f i e r  i n  t h e  fo rm of  a s e r i e s  of  c a l i b r a t i o n  s t e p s .  Where  
n e c e s s a r y ,  l i m i t e r s  w e r e  u s e d  to a v o i d  o v e r d r i v i n g  t h e  t a p e  r e c o r d e r  w i t h  
t h e  c a l i b r a t i o n  s i g n a l .  

To facilitate analog to digital conversion of the data, a control signal 
was recorded onto a separate channel. This signal is illustrated in Figure 
C-4 (p .  58 ) .  

CONTROL SUBSYSTEM 

The control subsystem provided control commands and timing signals 
to the following: 

i. Shutter solenoid 
2. Analog tape recorder 
3. Amplifier input relays 
4. Calibration generator 
5. Gated oscillator 
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The r e l a t i onsh ip  of the con t ro l l e r  and e x p e r i m e n t a l  e lements  con t ro l l ed  
is shown in F i g u r e  C-5 (p. 59).  F i g u r e  C-6 (p.  59) shows a b lock  d iag ram 
of the  expe r imen t  c o n t r o l l e r .  

The shu t t e r  t imer  is shown in  F i g u r e  C-7 (p.  60).  It cons i s t ed  of s ix 
i n d i v i d u a l l y  ad jus tab le  t imers  connec t ed  in s e r i e s .  T imer  #1 p r o v i d e d  a two 
second  de lay  be fo re  the  shu t t e r  s t a r t ed  to open .  Timer  #5 gave  the  command 
to c lose the  s h u t t e r .  This  pe rmi t s  r epe t i t i ve  shu t t e r  t imes a n y w h e r e  b e t w e e n  
0.50 and  20.00 s e c o n d s .  Fol lowing each  e x p o s u r e  the ac tual  s h u t t e r  open 
time (actual ly  the d i f f e rence  b e t w e e n  the open and c los ing)  was  r e a d  on the 
H e w l e t t - P a c k a r d  5326B t imer  to wi th in  .01 s e c o n d s .  • 

The output  of the  shu t t e r  t imer  d r o v e  e l ec t ropneumat i c  va lve s  t h r o u g h  
l a t ch ing  r e l a y s .  This  is i l l u s t r a t ed  in F i g u r e  C-8 (p. 60).  

CONTROL SEQUENCE OF EXPERIMENT EVENTS 

An expe r imen t a l  cont ro l  s e q u e n c e  is  d e s c r i b e d  in the fol lowing s teps:  

1. Opera tor  d e p r e s s e s  START bu t ton .  

a .  Start  in i t ia l  ca l ib ra t ion  phase  ( p r e - c a l )  and r e g i s t e r  
the  a p p r o p r i a t e  vo l tage  on the compute r  cont ro l  
c h a n n e l  (Level  0 to Level  1, F ig .  C-4 ,  p .  58).  

b .  Cal ibra t ion  g e n e r a t o r  s teps  t h r o u g h  ca l ib ra t ion  s i g n a l s .  

c .  Gated osc i l la tor  (time g e n e r a t o r )  ac t iva t e s .  

2. Complet ion of f inal  ca l ib ra t ion  l eve l .  

a .  Sensor s  connec ted  to ampl i f ier  i npu t s .  

b .  Shu t t e r  time ac t iva ted .  

c .  Computer  cont ro l  c h a n n e l  r e g i s t e r s  a p p r o p r i a t e  
vo l tage  (Level 1 to Level  2, F ig .  C-4 ,  p .  58).  

3. Shu t t e r  t imer  ac t iva tes  shu t t e r  solenoid  con t ro l .  
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ao 

b. 

Shutter opens for pre-set time. 

Voltage appearing on computer control channel 
changes (Level 2 to Level 3, Fig. C-4, p. 58). 

c. Shutter closes. 

d. Voltage appearing on computer control channel 
changes (Level 3 to Level 2, Fig. C-4, p. 58). 

Operator depresses END DATA button. 

Amplifier inputs switched to calibration generator. 

Calibration generator activated. 

Computer control channel voltage assumes "post-cal" 
level (Level 2 to Level i, Fig. C-4, p. 58). 

Final calibration level is completed; amplifier inputs 
grounded. 

a. 

b. 

e. 
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